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ABSTRACT 

A wide variety of organic contaminants have been detected in the aquatic 

environment, which are discharged through municipal waste-water, industrial effluents, 

commercial operations, runoff from agricultural lands, chemical spills etc. The 

conventional water treatment methods, such as, coagulation, flocculation, adsorption 

biological treatment techniques and chlorination etc. have not been able to get rid of these 

persistent organic contaminants from the environment. However, these techniques may 

produce potentially harmful by-products during the water treatment process. Hence, 

advanced oxidation process is considered to be best method for treatment of recalcitrant 

organic contaminants present in waste-water, industrial effluent etc. using semiconductor 

as photocatalyst to completely degrade toxic organic contaminant to CO2 and H2O. 

Kinetic investigations related to water treatment are drawing much attention in the 

recent years, as they provide insight into the detailed reaction mechanisms. The 

transformation of organic contaminants will not take place if the reaction is slow with the 

oxidants used in the process, on the other hand, if reaction is fast then the transformation 

or degradation of the organic contaminant takes place. Therefore, it becomes necessary 

for researchers to understand the factors controlling the rates. 

In the proposed research, we intend to study degradation kinetics and mechanism 

of some of the reactions involving organic contaminants using advanced oxidation 

processes. Advanced oxidation processes (AOPs) have been successfully employed for 

the degradation of many hazardous organic contaminants in aqueous environment with 

some acceptable levels, without generating harmful by-products. AOPs depend on in-situ 

generation of reactive hydroxyl radicals (OH·) using light or chemical energy. The so 

formed OH· radicals are used to decompose indiscriminately a variety of organic 

contaminants present in water and waste waters. The AOP process involves a 

semiconductor stimulated by UV or visible light to destruction of environmental 

contaminants is called photo catalysis which results in complete or partial 

demineralization of the organic molecules. 

Titanium dioxide (TiO2) is an excellent metal oxide semiconductor photocatalyst, 

due to its chemical and thermal stability and it is relatively inexpensive, biocompatible 

and non toxic. It is characterized by a band gap ranging from 3 to 3.2 eV, which allows 

UV light to pump the electrons from the valence bond to conduction band leading to the 

formation of electron hole pair. Thus generated electron-hole pair facilitates the formation 
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of OH· radicals leading to the degradation of organic contaminants. The high rate of 

electron-hole recombination in TiO2, however, limits the efficiency of the photo catalyst, 

which can be prevented, to some extent, by doping with noble metals such as silver, 

ruthenium, copper, gold, platinum etc.            

In order to improve the efficacy of photocatalyst and inhibit the electron-hole 

recombination metal oxide semiconductors are doped with rare earth metals. Metal oxides 

and metal doped metal oxides have been used for the degradation of many organic 

contaminants. In the present thesis we report synthesis and characterization of doped and 

undoped metal oxide semiconductors and their application in the photocatalytic 

degradation of some organic contaminants.  

Chapter 1: General Introduction 
 

This chapter gives general introduction about advanced oxidation processes (AOP’s), 

methods of synthesis of metal oxide nanoparticles, mechanism of photosensitization of 

TiO2 under UV, photocatalytic degradation and literature of various types of toxic 

contaminants present in water and waste water, have been summarized in this chapter. 

 

Chapter 2:  The photocatalytic activity of silver doped TiO2 (Ag-TiO2) nanoparticles was 

studied by photocatalytic degradation of lomefloxacin (LMF) using a photo-reactor with a 

mercury lamp (PHILIPS, TUV 8W T5, Emax =254 nm). The 1% and 2% Silver doped 

TiO2 nanoparticles were synthesized by Liquid Impregnation (LI) method. The resulting 

nanoparticles were characterized by surface analytical methods such as X-ray diffraction 

(XRD), scanning electron micrographs (SEM), Energy dispersive X-ray Analysis (EDX) 

and Transmission Electron Microscopy (TEM). The study shows 2% Ag-TiO2 

nanoparticles exhibited better results (95% degradation) in 1 hour for the degradation of 

lomeofloxacin compared to 1% Ag-TiO2 and pure TiO2. XRD analysis indicated that the 

crystallite size of TiO2 was 17.00 nm, while the crystallite size of 1% Ag-TiO2 and 2% 

Ag-TiO2 was 13.07 nm to 14.17 nm. TEM images show the particle size of Ag-TiO2 

nanoparticles were in the range 40.00-45.00 nm in length and 10.00-15.00 nm in breadth. 

Pseudo-first order rate constants were found to decrease with increase in pH. The effect 

of UV intensity, catalyst dosage and initial concentration of LMF on the degradation rate 

were also studied and elaborately discussed.   

 

Chapter 3: Ruthenium doped Titanium dioxide (Ru-TiO2) nanoparticles were 

investigated as photo-catalyst in the photo-catalytic degradation of a common dye 
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bromothymol blue (BTB) in an aqueous suspension using UVC (254 nm) for a pH range 

of 4.0 to 8.0. The liquid impregnation method was used to synthesize 0.2%, 0.4% and 

0.8% ruthenium doped TiO2 (Ru-TiO2) nanoparticles. The prepared nanoparticles 

framework substitution of Ru in TiO2 were done using X-ray powder diffraction (XRD), 

Scanning Electron Microscopy equipped with enery dispersve X-ray  (SEM-EDX), 

Fourier Transform Infrared Spectroscopy (FTIR), Transmission Electron Microscopy 

(TEM), Diffuse Reflectance Spectra analysis. The average crystallite sizes of doped and 

undoped nanoparticles were calculated from X-ray diffraction spectra using Scherrer 

equation. The average crystallite size of anatase phase of undoped TiO2 was found to be 

17.00 nm, whereas the crystallite sizes of 0.2%, 0.4% and 0.8% Ru-TiO2 were 16.67 nm, 

15.70 nm and 14.40 nm respectively. The TEM images confirm the particle sizes to be 

10.00 to 40.00 nm. The band gap of 0.2, 0.4 and 0.8% Ru-TiO2 was found to be 3.10, 

3.04 and 2.96 eV respectively. Pseudo-first order rate constants (kobs) determined were 

found to increase with decrease in pH. The effect of BTB Initial concentration, catalyst 

loading, a percentage of doping of photo catalyst, pH and UV light intensity of BTB on 

the degradation rate were also discussed.  

Chapter 4: Pure and 5% barium doped zinc oxide nano-particles were synthesized by in 

expensive chemical precipitation method. The prepared nano-particles were characterized 

by X-ray powder diffraction (XRD), Energy Dispersive X-ray Spectroscopy (EDX), 

scanning electron microscope (SEM), Ultraviolet-visible absorption spectroscopy and 

Transmission electron microscope (TEM) analysis. Scherrer equation was used to 

calculate the particle size of the prepared doped and un-doped nano-particles. The photo-

catalytic action of 5% barium doped zinc oxide is checked  with photo- degradation of 

chloramphenicol (CLP) under UVC (254 nm) irradiation in aqueous suspension. Pseudo-

first order rate constants (kobs) were found to increase with decrease in pH. The effect of 

initial concentration, catalyst loading, light intensity, the effect of pH on the degradation 

rate were also studied and elaborately discussed. The results shows barium doped zinc 

oxide is more potential than un-doped zinc oxide. The HPLC and LC/MS were used to 

identify degradation products.  

Chapter 5: The efficacy of color removal from aqueous methyl orange (M.O.) solution 

has been studied in presence of synthesized copper doped zinc oxide nanocrystals, 

irradiated with UV-C light. Simple non expensive chemical precipitation method was 

used to synthesis zinc oxide and 2% Cu-ZnO nanoparticles. Phase composition of Cu 

doped ZnO was examined by X-ray Diffraction powder technique (XRD), scanning 
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electron Microscopy equipped with Energy Dispersive X-ray (SEM-EDX) and UV-

visible spectrophotometer. The degradation kinetics was studied under different 

conditions such as pH, catalyst concentration, substrate concentration, intensity of light 

etc.  

Chapter 6: The photocatalytic degradation of sparfloxacin under UV-C (254 nm) using 

silver doped Titania first time investigated at pH 4.0 to 9.0.  The simple Liquid 

impregnation method is used to prepare Ag-TiO2 nanoparticles. In order to analyze their 

structural, optical, electronic and morphological characteristics. The synthesized 

nanoparticles were analysed by X-ray diffraction, (XRD). From the XRD data, the lattice 

parameters namely mean crystallite size, phase identification is done. The morphological 

characterization was done by SEM and TEM by analyzing the images in detail. EDAX 

analysis was done along with SEM to confirm the composition of the nanomaterials. 

Pseudo-first order rate constants were found to decrease with increase in pH.  The effect 

of UV light intensity, catalyst loading and initial concentration of sparfloxacin on the 

degradation rate were also studied and reported.    

Chapter 7: The un-catalyzed and Pd2+catalyzed oxidation of Lomefloxacin (LMF) with 

permanganate in acidic medium was examined. The oxidation product was identified by 

Agilent 6130 Series Quadrupole LC/MS. The reaction exhibit be 2:1 stichiometry, that is, 

2 mol manganese (VII) reacted with 1 mol of lomefloxacin. Orders with respect to 

[LMF], [H+] and [Pd2+] were found to be fractional and less that unity. The oxidation 

reaction proceeds formation of complex with Pd2+ via a permanganic acid species, that 

forms an intermediate complex with lomefloxacin and then complex decomposes to give 

the final product. The rate of reaction was found to decrease with decrease in the 

dielectric constant. The effect of temperature on the rate of the reaction was studied at 

different temperatures and rate constants were found to increase with increase in 

temperature and the thermodynamic activation parameters with respect to slow step of the 

mechanism (Ea, ΔH#, ΔS# and ΔG#) 
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Chapter 1 

Introduction 

1.1  Chemical kinetics 
The central goal of chemistry is to understand the molecular change. Chemical 

kinetics is a tool to understand the reaction mechanism involved in various processes. The 

kinetic study provides valuable information about the rate and mechanism of chemical 

reaction, which helps out in running a chemical reaction successfully by selecting 

optimum reaction conditions. 

 The knowledge of kinetics of reaction has many practical applications. Kinetic 

study helps in optimizing reaction conditions for industrial processes, in understanding 

the complex dynamics of the environmental problems complicated biochemical reactions 

that are the basis of life. Generally, reactions involving organic reactants have several 

plausible mechanisms. Kinetic study of atmospheric reactions helps us to understand 

demineralisation of pollutants released in the atmosphere. At a more fundamental level, 

we want to understand what happens to the molecules in a chemical reaction. By 

understanding this concept we can develop the theories, which can be used to predict the 

outcome and rate of reactions.  

1.1.1 Applications of kinetics  

The chemist uses kinetics to plan modern and superior routes for accomplishing 

aimed chemical reactions. This may be associated with increasing the yield of end 

products or use of a catalyst. The mathematical models, which are used by chemists and 

chemical engineers to predict chemical kinetics, provide information to understand and 

describe chemical processes such as ozone depletion, waste water treatment, decaying of 

food and vegetables, micro organism growth. The mathematical models may be applied in 

the designing and fabricating the chemical reactors to get a good yield, better separation 

of products, and to remove environmentally hazardous side products. 

Kinetics has many applications in the field of medicine. For example, the 

mechanisms for the controlled/sustained release of drugs are based on the half life time of 

the substances used and sometimes the pH of the biological fluid as well. Half life time 

and pH have an effect on the method in which dosages are determined and prescribed. 

The reaction rates and the conditions in which the reactions take place are essential for 

determining certain aspects of environmental protection. 
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1.2 Oxidation 

All living organisms have chemically reactive systems and depend on the 

continuance of oxidation and reduction reactions. For example, plants use solar energy to 

reduce CO2 into sugar molecules and release the oxygen, while in another reaction 

glucose and other compounds are oxidized to produce carbon dioxide, water, and releases 

chemical energy which is utilized by animals for living. Hence, it is the job of chemists to 

understand and provide clear information about redox reactions taking place in simple 

molecules to help biologists. In turn biologists can have strong basis to understand the 

behaviour of complex organisms. Though, the term oxidation equally well known in both 

organic and inorganic chemistry, the present work has major concentration on oxidation 

of various organic substrates [1]. 

1.3 Quality of drinking water 

Water is the most important component of our physiology. So, both quantity of 

water and quality of water is vital for human consumption. Drinking water should always 

be clean and free of toxic contaminants. Good quality of drinking water is required for 

maintaining good health for human beings.  

1.4 Emerging Contaminants  

The compounds like Pharmaceuticals (PhAcs), Dyes, Nutriceuticals, Plasticizers, 

Fragrances, Lotions, Shampoos, Flame retardants, Soaps, Pesticides, Detergents, 

Sunscreens and Cosmetics etc. are used in day today life. Complete demineralization of 

these compounds takes an important role in during water treatment process. These 

compounds form different types of products during water and waste water treatment and 

are released to water or aquatic environment. The product formed may be benign or 

hazardous. 

This thesis emphasizes on the importance of degradation of such micro 

contaminants by taking some antibacterial agents and dyes as model compounds during 

water treatment process and their kinetic study. 

1.5 PhAcs in environment 

Numerous kinds of molecules detected in runoff and ground water. These PhAcs 

compounds concentration is found to be ng dm
-3

 to µg dm
-3

. So, they are also called as 

micro contaminants [23-4]. 
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“Pollutants (biotic and abiotic), which are presently not considered in routine 

monitoring programs, possibly aspirant for future guideline, depending on the research on 

their eco-toxicity, possible health effects, the public awareness, and existence in the 

various ecological compartments. The emerging contaminants may not be new chemicals. 

The contaminants that have been often present in the environment, but whose presence 

and influences are now made cleared”. (Adapted from the EU NORMAN project:  

www.Norman-network.com as of 9/13/2006).  

Emerging contaminants are chemical compounds or material substances of 

attention that are distinctly characterized by: A readily perceived or really cause damage 

to environment or to the human health. Decrease in the publicity health standards or an 

evolving standard. A pollutant may be "emerging" because of the invention of a new 

discharge matrix, a novel route to humans, or original discovery method or technology       

[5- 6]. 

PhAcs are the chemical compounds used for the treatment of various diseases. 

PhAcs consist of effective constituents that have been premeditated to boast 

pharmacological cause and give significant profits to the world. The major portion of 

medically recommended antibiotic dose is released into public waste water streams due to 

incomplete metabolism of antibiotics within the human body. (Rain) Runoff water carries 

the hospital wastes to rivers and contaminates the river water (nanograms to micrograms 

per litre) has been extensively reported in previous studies [78-9] as shown in Fig 1.1. The 

research on emerging contaminants got boost up, due to the advances in analytical and 

instrumental techniques. Many investigations and survey have reported the existence of 

PhAcs even in treated municipal water and effluents. Regular monitoring plan to check 

drinking water for PhAcs has not been enabled.  
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1.5.1 Fluoroquinolones and Tetracylcline. 

Fluoroquinolones are extensively used for treatment of various infectious diseases 

[10]. Lomefloxacin, levofloxacin ciprofloxacin, ofloxacin, enrofloxacin, and gatifloxacin 

are some of commonly used fluoroquinolones. The fluoroquinolones have higher renal 

clearance and hence they are released to the environment through excretion. 

Fluoroquinolones may go in to the aquatic life through various routes such as 

house hold waste, municipal and effluent from wastewater plants. The current report 

shows that about 50 ng dm
-3

 undetectable
 
concentrations of fluoroquinolones present in 

the surface water in various parts of the world [11]. 

In 1940’s Tetracyclines were discovered. They are broad spectrum antibacterial 

agents. They are active against wide variety of gram positive and gram negative 

microorganisms. The better antimicrobial properties of these agents and the absence of 
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major undesirable side effects has led to their wide use in the therapy of human and 

animal diseases. 

1.5.2   Lomefloxacin (LMF) 

HN

N

CH3

O

OH

N

O

F

F

H2C

CH3  

Structure of Lomefloxacin  

Lomefloxacin is also a class of fluoroquinolones antibacterial agent. It is mainly 

used for cure broad range of bacterial diseases, such as urinary tract and bronchitis 

infections etc. LMF is used to treat the diseases. LMF is connected with phototoxicity and 

C.N.S. (central nervous system) undesirable effects [12]. 

1.5.3 Chloramphenicol (CLP) 

O2N

OH

HN

O

OH

Cl

Cl

 

Structure of Chloramphenicol 

 

Chloramphenicol (CLP) belongs to tetracycline family and is commonly known as 

chloromycetin [13]. It is a powerful antibiotic used for the many bacterial diseases [14]. It 

is used in the treatment of plague, cholera and typhoid fever. CLP is believed to be proto 

typical wide range spectrum antibacterial agent. Hence, its photocatalytic degradation and 

kinetics investigation is much important to know the mechanistic profile in the 

environment. From the application point of view, a regular study of photodegradation of 

CLP with Ba-ZnO is investigated. 
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1.5.4  Sparfloxacin (SPF) 

 

Structure of Sparfloxacin 

Sparfloxacin belongs to floroquinolone homologous series. It is a powerful, 3
rd

 

generation wide spectrum antibacterial fluoroquinolone derivative. The metabolic rate of 

SPF in human body is slow due to its solubility issues. Its removal from the healthy 

human body takes about one day after consumption of drug [15]. The mucous membrane, 

epithelial tissues fluid, alveoli etc of human body absorbs SPF in high concentrations [16-

17].  

1.6 Dyes in environment 

We use colours for various applications such as painting, colouring the clothes, 

hairs, skins etc. Dyes are widely used in the textile industries, during the dyeing method 

the dye molecules enter into the aquatic environment as effluents. Most of the 

manufactures use dyes for printing, fabrics, plastics, cosmetics, etc. It is estimated that 

more than one lakh dyes are available and industries produce about 7 x 10
5
 tonnes of dye 

stuff every year. The discharge of these dyes into the aquatic system by industries causes 

harmful effect on the environment. The aquatic animals are the first species to get the 

brunt. The dyes present in the environment decreases the light diffusion in the water 

bodies and reduce the photosynthetic activity [18]. 

 There are various biological and conventional methods are available to treat these 

dyes. These methods include simple techniques like coagulation, filtration, adsorption, 

microbial treatments, etc. All these methods are proven to be efficient but they generate 

huge quantity of solid waste in to the environment. Hence, these methods are moreover 

unsuccessful to achieve complete mineralization of organic contaminants or create huge 

quantity of carcinogenic mud causing removal problem [19-20]. 
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1.6.1 Bromothymol blue (BTB)  

  

 

 

 

 

 

Structure of Bromothymol blue 

Bromothymol blue (BTB) is an acid base indicator. It is also known 

as bromothymol sulfone phthalein. BTB commonly sold as sodium salt of the acid 

indicator in solid form. BTB may be used for examine photosynthetic performance, and 

as an inhaling indicator (it changes to yellow when CO2 is added) [21-22].  

1.6.2 Methyl Orange (MO)  

N

N

S

O

O

O
-
Na

+N

 

 

Structure of Methyl orange 

Methyl orange (MO) is an anionic azo dye and it is an important synthetic dye. It 

has been extensively utilized in fabrics, food stuffs, newspaper, and leather productions. 

The discharge of MO and its derivatives cause harmful effects on the aquatic 

environment. Human exposure may cause eye or skin irritation, or breathing may lead to 

gastro intestinal irritation with nausea, vomiting, and diarrhea etc [23].  

1.7 Advanced Oxidation Processes (AOP’s) 

“Advanced Oxidation Processes (AOPs) were defined by Glaze et al. (1987) as 

near ambient temperature and pressure water treatment processes which involve the 

generation of highly reactive radicals (specially hydroxyl radicals) in sufficient quantity 

to effect water purification” [24-25]. 

Many hazardous and carcinogenic organic contaminants are decomposed 

effectively to permissible levels without adding any harmful by-products. In these 

processes highly reactive 
.
OH radicals degrade the organic contaminants present in water 

S

O

Br

O

O

Br

OH

OH



8 
 

[2627-28]. The most important characteristic of hydroxyl radicals is its non selective attack 

on organic contaminants. The product of reaction of hydroxyl radicals with organic 

contaminants is usually CO2 and H2O. The demineralization reaction is due to attack of 

OH
.
 to organic contaminants through abstraction of hydrogen, radical radical reaction, 

and electrophillic addition. 

There are many homogenous and heterogeneous techniques to generate hydroxyl 

free radicals as shown in Fig.1.2.  

 

 

 

 

 

 

 

 

 

 

Most of the above techniques employed for UV - Spectrum for demineralization 

of organic contaminants. UV - Spectrum is randomly classified into three groups namely, 

1) UV-A 2) UV-B and 3) UV-C. UV-A and UV-C is commonly applied in generation of 

OH radicals. UV-A = Near UV, UV-C = Far UV. 

Advantages of AOP’s  

1) Fast rate of reaction.  

2) Minute footprint.  

3) Powerful to decrease carcinogenicity and probably complete degradation of organic 

contaminants  

4) Doesn’t use membranes for other management with organic contaminants.   

5) Doesn’t produce stuff.  

Disadvantages of AOP’s 

1) Central motivation.  

2) Complicated chemistry knowledge must be adapted for particular appliances.  

3) For various appliances extra peroxide is needed.  

AOP involving UV can be widely divided into two categories: 

a) Homogeneous photo-oxidation. 

b) Heterogeneous photo-oxidation: Photocatalysis. 

∙
OH 

 

UV/O3 

UV/Photocatalyst 

O3/H2O2 

 

UV/O3/H2O2 

 

   Sonolysis 

 

UV/Fe+3/H2O2 

 

UV/TiO2/H2O

2 

 

Electrolysis 
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1.7.1 Homogeneous photo-oxidation 

“Homogeneous photo-oxidation is the photo-reactions in a gas or liquid phase 

system, without the addition of any solid”. The homogeneous photodegradation involves 

the use of an oxidant for the production of free 
.
OH radicals, which react with 

contaminants to initiate the oxidation process.  

The following are the photochemical methods employed in the homogeneous photo 

degradation methods: 

1. UV with H2O2. 

2. UV with O3. 

3. UV with O3 and H2O2.  

4. Photo-Fenton process.  

Many of the AOP’s use H2O2 in the production of OH radicals for oxidation 

(Table 1.1). The use of UV enhances the oxidizing strength of hydrogen peroxide as the 

radiation increases number of OH free radicals.  

Table 1.1. Different homogeneous AOPs 

Method Reaction Limitations 

 

UV /H2O2 H2O2 + hⱱ           2
∙
OH 

 

1)Absorb λ ‹ 300 nm, a lesser 

component in solar radiation. 

2) pH dependence. 

 3)Continuous supply of 

chemicals are required. 

UV /O3 O3 + H2O + hⱱ          O2 + H2O2 

O3 + H2O2        
∙
OH + 

∙
O2H + O2 

1) Absorb λ ‹ 300 nm, a 

Lesser component in solar 

radiation. 

2) pH dependence 

3)Continuous supply of 

chemicals are required. 

4) Process is expensive 

UV /O3/ H2O2 O3 + H2O2        
∙
OH + 

∙
O2H + O2 1)Absorb λ ‹ 300 nm, a lesser 

component in solar radiaton. 

2)Applicable over a wider pH 

range. 

Fe
3+

 /H2O2 

(Photo Fenton) 

H2O2 + Fe
2+               

Fe
3+

 + 
∙
OH + 

-
OH 

Fe
3+

+ H2O + hⱱ        Fe
2+

+
∙
OH +H

+
 

1)Sludge disposal problem 

formed during the process. 

2)Continuous supply of 

chemicals is required. 

3)Process is expensive 
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1.7.2 Heterogeneous photocatalysis 

Nowadays, most effective water treatment method used is heterogeneous 

photocatalysis [29-33]. In “heterogeneous photocatalysis the photocatalyst and reacting 

molecules (contaminants) are present in different phases”. The principle behind the 

photocatalysis is excitation of a semiconductor by UV/Vis light. A light of energy greater 

than the band gap of photocatalysts excites the electrons from valence band (VB) to 

conduction band (CB), leaving behind holes (h
+
) in the VB and electron (e

-
) in the CB. 

These so formed e
- 
and h

+
 are responsible for reduction and oxidation processes. The h

+
 

are strong oxidants which are efficient for oxidizing all organic contaminants including 

water, results in the generation of OH free radicals [3453-38]. 

1.8 Semiconductor nanoparticles 

These are material contains electronic arrangement with a filled VB and an 

unfilled CB. The difference between energies of the excited state of the CB and ground 

state of the VB is termed as energy gap/band gap. When an illuminate photon having a 

energy (hʋ) equivalent or > than energy gap attain the semiconductor surface, when e
-
 is 

jumped from VB to CB leaving a h
+
 [39-4041]. Fig. 1.3. Illustrate that the energy gap is the 

prime factor that make out whether the material is conductor, semiconductor or an 

insulator. Semiconductor surface having e
-
 and h

+
 oxidize oxygen, water, and hydroxide 

ions in to ·OH radicals and other free radicals. Direct light activated holes can oxidize the 

organic contaminant present in water. Many types of UV semiconductor methods are 

applied for the photocatalytic demineralization of effluent. Most of the metal oxides 

including TiO2, ZnO, WO3, CdS and Fe2O3 were having photocatalytic properties [424344-45]. 

Table. 1.2. gives the information regarding commonly used semiconductors as 

photocatalysts, The energy gap (Ebg) and individual wavelength of all the semiconductors 

listed in below Table. Titanium dioxide is having the maximum photocatalytic efficiency 

with a higher range of environmental applications. 
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Table1.2: Band gap energy and corresponding wavelength of semiconductors   

 

Semiconductor Ebg (eV) λ (nm) 

TiO2 (anatase) 3.2 388 

TiO2 (rutile) 3.0 413 

ZnO 3.3 375 

Fe2O3 2.3 539 

WO3 2.8 443 

CdS 2.4 516 

ZnS 3.5 354 

InSb 0.17 7294 

MoO3 3.06 405 

V2O5 1.74 712 

CdSe 1.84 674 

CdTe 1.61 770 

GaSb 0.81 1530 

InP 1.42 873 

InAs 0.36 3444 

 

Fig.1.3. Configuration of the electronic bands of conductor, semiconductor and 

insulator materials. Conduction Band Valence Band  

  

 

 

 

 

 

 

Insulator    Semiconductor   Conductor 

 

  

Conduction    

band 

Valence      

band 

Ebg 

Valence Band 

Conduction Band 
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1.8.1 Titanium Dioxide (TiO2) Photocatalyst 

In the earth shell Titanium (Ti) is the 9
th

 rich element consists of 0.62% of the 

earth shell. Titanium dioxide is the only one oxide of Titanium. Photocatalysis is a 

phenomenon where the reaction takes place in presence of light absorbed by a catalyst 

[46]. (B.A. Kennedy, surface mining, 2
nd

 edition). TiO2 is an apparent white amorphous 

powder, commonly used to produce products like paper, plastic, cosmetics, tooth-paste, 

and clinical drugs [47]. However, 10 to 50 nm TiO2 nanosized particles widely used for 

self cleaning window glass, air and water sanitization processes. Fujishima et.al. (1972), 

invented the split of H2O on TiO2 electrodes photocatalyticaly. It led to a rigorous 

investigation of increasing the photocatalytic efficiency of TiO2. Currently, 

environmental cleanup has been one of the very important applications of heterogeneous 

photocatalysis. TiO2-mediated photocatalysts have the possible application of the total 

demineralization of organic contaminants in polluted water [48-49]. 

High degradation efficiency, chemical stability, low carcinogenicity, and low cost 

make TiO2 a better photocatalyst for degradation of organic compounds [50-51]. 

“Anatase (tetragonal), rutile (tetragonal), and brookite (orthorhombic)” are the 3 

different polymorph forms of the TiO2 [52] as shown in Fig 1.4. Among these anatase and 

rutile polymorphs of TiO2 are regularly used in photocatalysis, while, brookite form of 

TiO2 is photo inactive. Usually, anatase form of TiO2 is preferred for photocatalysis 

because it has high surface area, surface density of active sites for adsorption [53]. 

Electronic properties of Titanium dioxide such as band gap play an important rule for a 

semiconductor photocatalyst. 

Fig.1.4. Polymorphs of TiO2 1) rutile, 2) anatase, 3) brookite  

   

 

  

(1) (2) (3) 
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1.8.2 UV/TiO2 photocatalysis process. 

The heterogeneous photocatalytic reactions takes place in five steps [54]: 

I.   Dispersion of reactants towards the photocatalyst surface (TiO2).  

II. Adsorption of reactant molecules on Titania surface.  

III. Reaction with adsorbed reactant molecules with Titania. 

IV. Desorption of reaction products. 

V.  Dispersion of products from photocatalytic surface in to solution. 

Movement of reactant molecules and products, step (I) and step (V) respectively 

depend on the concentration of reactant-product, loading of photocatalyst and size of the 

particle. (II), (III), and (IV) Steps depends on the active centers on photocatalyst and also 

chemical affinity between reactant and product fragments. 

When Ultra Violet radiation falls on photocatalyst titania (TiO2), it will generate 

pair of electron (e
-
) and holes (h

+
). This is shown in Fig 1.5. The difference energy 

between CB and VB is termed as energy gap (Band Gap). The wavelength required for 

photo excitation is 388 nm. 

The h
+
 of VB of titania decompose water molecule to produce H2 gas and OH 

radical and e
-
 in CB reacts with O2 molecule to produce .

O
-
2 anion.  

Reactions at valence band 

• TiO2 +    hv    →      TiO2             (e
-
  +  h

+
)          

• h
+
 + H2O       →    H

+
 + 

.
OH                                  

•  h
+
   +   OH

- 
  →   

.
OH                                           

• Organics   +   
.
OH →   Degradation Products       

Reactions at Conduction band 

• e
-
   +   O2     →   

.
O

-
2                                                                            

• .
O

-
2 +   H

+
   → HO2

.
  

• HO2
. 
+   e

-
    →  HO2

-
 

• HO2
-
 +   H

+
   → H2O2  

• H2O2    + e
-     

→ 
-
OH + 

.
OH           
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Fig.1.5. Excitation of e
- 
from Valence band to Conduction band in TiO2 

 

 

 

 

 

 

 

 

 

1.8.3 Zinc Oxide (ZnO) Photocatalyst 

Zinc oxide (ZnO) has come out to be most effective photocatalyst. ZnO produces 

H2O2 more efficiently in water treatment processes [55], ZnO contains plenty of active 

centres with high surface reactivity, low cost, high stability [56]. Hence, it has high 

mineralization rates [57]. However, ZnO is believed to be an appropriate substitution of 

TiO2 (3.2 ev), due to their broad energy gap (3.3 eV). ZnO has been showed as a superior 

photocatalyst as related to commercialized TiO2 based on the basis of higher initiative 

rates [58], and absorption efficiency of solar radiations [59]. Defects, cracks, facets and 

area play vital role in deciding photocatalytic efficiency of photocatalyst. For this reason, 

the modification of surface of metal oxide is significant to increase the surface defects 

[60]. 

1.9 Doping of Titania 

Titannia has been considered to be most promising photocatalyst, however, titania 

having some limitations i.e. broad energy gap and fast re-combination rate of electron-

hole (e
-
-
 
h

+
) pairs [61]. Therefore, now a day’s scientist interest is centred on the 

modification of the catalytic surface behaviour of titania through doping with various 

metal ions [62-63], these metal ions are either doped into crystal lattice or deposit on the 

surface of titania as islands or single nuclear composite [64-65]. The main objective of 

the doping is to reduce the energy gap or to create energy levels inside the forbidden band 

gap and decrease the re-combination by establishing traps for e
- 
and/or h

+
 [66]. However, 

one of the major limitations of using titania as a photocatalyst is that its energy gap exists 

close to UV range of the solar spectrum. As a consequence, it allows only UV light to 

    Ebg 

E bg 

O2 

 
 O2

-. 

  OH
.
 +H

+
 

H2O 

Organic compound 

CO2 +H2O 

Valance band ( h
+
)    

Conduction band ( e-) 
hʋ 
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generate e
- 

– h
+
 pairs and start the photocatalytic oxidation. However, solar spectrum 

consists of less than 5% of UV light. Hence, the researchers continue their effort in 

reducing band gap, so that visible light is sufficient to generate e
-
 - h

+
 pairs in TiO2. In 

order to achieve this photocatalytic activity of TiO2 in the visible range, TiO2 is doped 

with transition metals with Ru, Ag, Fe, Zn, Cu, Ni and V [6768-69]. Doping of these metals 

in the TiO2 lattice reduces the band gap of TiO2, as well as reduces the e
-
 – h

+
 re-

combination.  

1.10 Synthesis of Metal Oxide Nanoparticles 

To synthesize nanomaterials extensively two methods are used. “A) Top–down 

B) Bottom–up methods”. In top–down method is a physical-method, where, a large 

matter is chopped into small pieces till we get required dimension. Any how this method 

is efficient only up to micro-meter level. Lithographic processes, laser-induced chemical 

etching and ball-milling fall in to this group. However, these processes are efficient only 

down to the micro-meter range. Getting nano-meter size is practically difficult and 

expensive.  

The bottom–up methods primarily include chemical and biological techniques to 

prepare nanoparticles. It involves self-condensation of solute particles that is produced 

while a reaction. To control the growth led to the development of fragments with required 

dimension and shape. Even though the synthesis of nanoparticles with same dimension 

and shape is crucial. Hence, preparation of large scale nano materials remains a difficult 

task.  

The advancement of predictable reviews for the availability of metal oxide 

nanoparticles is a present test and essential. The combination procedures may be sorted in 

two critical streams endless supply of progress. 

The synthesis techniques may be categorised in two major streams depending on 

nature of transformation 1) liquid-solid 2) gas-solid usually liquid-Solid transformations 

are used to control topography of nano-materials. The number of popular synthesis of 

nanomaterials methods have been established, among these some methods are discussed 

below.  

1.10.1 Hydrothermal Method  

Hydrothermal method is a procedure to prepare nanoparticles in aqueous medium 

at high temperature and pressure. The process is carried out by heating the metal salts 

along with water in an autoclave at a specified temperature and pressure for about 24 hrs- 

48 hrs [7071-73]. 
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Advantages of Hydrothermal Method 

a.  Purity of metal oxides produced is enhanced. 

b. Powder morphology can be controlled. 

c. Several unnecessary steps like calcination, mixing, and milling can be avoided or 

reduced. 

c.  It is economical. 

1.10.2 Solution combustion method  

In this method, metal salts like metal nitrates/metal acetates/metal chlorides and 

fuel like urea/PEG/Glycine are subjected combustion at ≈ 350 ºC. It is a gas producing 

exothermic reaction and is self purifying process giving ample nano sized particles of 

metal oxides in a short time. It is usually carried out in muffle furnaces [74-75].  

Advantages of the Method 

a.  Gives way to ultra fine/nano sized particles with large surface area. 

b. The Particle size can be controlled by using fuel/Metal salts  

c.  The method is simple, fast and efficient one. 

d. The stoichiometry, homogeneity and purity of the resulting materials can be controlled. 

1.10.3 Sol-Gel Synthesis  

It is a wet chemical method involving several steps. At the time of gel formation there 

is sudden increase in viscosity [76]. 

Steps in sol-gel synthesis are 

1. Hydrolysis: Reaction of a metal alkoxide with water in a solvent (typically in alcohol). 

2. Polymerisation: Condensation of neighbouring molecules, removal of water and 

solvent, development of metal oxide linkage (polymeric networks). 

3. Gelation: Formation of Gel. 

4. Drying: Remaining water and solvent are removed at sensible temperature (<470K), 

giving a hydroxylated metal oxide with organic residue. 

5. Dehydration: Removal of organic content and chemically bound water at 670-1070K. 

6.  Densification: Temperature of the order of 1270 K is applied to get the dense metal   

oxide product.      

Advantages of the Sol-Gel Method  

a.  Better homogeneity and High Purity of the nano metal oxides. 

b. Lower processing temperature 

c.  Size and morphology can be controlled easily. 

d. Easy preparation of thin films and coatings  
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1.10.4 Liquid-Liquid Interface Method  

It’s an innovative method to obtain metal oxide and metal chalcogenide using 

aqueous organic interface. In this method metal precursors are introduced in the organic 

layer which in contact with the aqueous layer. A suitable reagent is then added for 

hydrolysis. The reaction takes place at the interface and product is formed also at the 

interface [77]. 

Advantages of the Method 

a.  Simple Method. 

b. It is economical. 

1.10.5 Vapour-Phase Synthesis  

In this technique the atoms and molecules are condensed in vapour /gas phase to 

achieve the formation of nano metal oxides. This is also known as Gas Condensation 

synthesis. This method was predominantly used in industries. The technique involves the 

hydrolysis of metal chloride in gas phase. The reaction is exothermic and provides the 

necessary high temperature for the reaction. So formed products of the reaction were 

recycled as per the requirement [78].  

Advantages of the Vapor-Phase Synthesis Method  

a.  Efficient method. 

b. The nanomaterials will have relatively high surface area. 

1.10.6 Chemical Vapour Deposition Method  

This method is used to obtain high purity, high efficiency nanomaterials. In this 

technique, the substrate in the form of wafer is taken on the surface of which, the volatile 

precursors are allowed to react. The metal oxides are accumulated on the substrate surface 

after the reaction. The by-products if any are removed by a purging the gas. It finds 

applications in the production of many microcrystalline, polycrystalline substances such 

as SiO2, nanofibres, graphene etc [7980-81]. 

Advantages of the Chemical Vapour Deposition Method 

a. The method is versatile. 

b. High performance nanomaterials can be produced. 

c. The properties of resulting materials can be controlled and varied as per the 

requirement. 

1.10.7 Co-Precipitation Method (CPT) 

  This CPT involves dissolution of a metal nitrates or metal sulphate in deionised 

water or any solvent to form ionic solution. Then, oxo-hydroxide precipitate is formed by 
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adding a base. Especially, to control the particle size of the nanoparticles some surfactants 

are used [8283-84]. 

Advantages of Co-Precipitation Method  

a. This method reduces the reaction temperature when the reactant precipitates.  

b. Simple, in expensive method to synthesize fine metal-oxide powders.  

1.11 Factors Influencing Titania and Zinc oxide Semiconductor 

Some factors which influence the photocatalytic activity of TiO2 and ZnO are 

listed below.  

1.11.1 Effect of pH 

pH is an significant factor, which decides the adsorption behavior of adsorbent 

and adsorbate [85-86]. At higher pH values the holes are less active in conduction band, 

whereas, electrons are more active in valence band. Similarly, in amphoteric solution the 

TiO2 photocatalyst alters the surface charge properties with change in pH of the medium 

[87-88]. The following equation indicates shows the surface charge on TiO2.   

TiOH + H
+  

                           TiOH2
+   

      at pH < pHpzc 

TiOH + OH
-                                  

TiO
-  

+ H2O at pH > pHpzc 

The commercial TiO2 (Degussa) P-25 having point of zero-charge from 5.7 to 5.9. 

The influence of pH affects the mineralization of the contaminants. Since, at lower pH, 

the holes are believed to be dominant, whereas, in basic as well as neutral medium 

hydroxyl radicals are believed to be prominent [89-90].   

pH of the medium not only influence the efficiency of the TiO2, but also alters the 

behavior of contaminant moiety [91]. For illustration, the pKa value of phenol is 9.95. 

The phenol moiety can be charged + ve ly or – ve ly by adding different pH solution. i.e., 

the action of phenol and TiO2 changes when the pH of the media changes. So, pH of the 

media plays a vital behavior in photocatalytic mineralization and also influences the 

adsorption behavior of contaminant and photocatalyst surface [92].    

Previous literature revealed that the photocatalytic mineralization of most of the 

organic contaminant depends upon pH of the medium. The photocatalytic mineralization 

of Orange G rate was two times more at pH=3, compared with pH=7.  In lower pH (< 6) 

the higher mineralization of methyl orange is investigated in presence of TiO2. This 

behavior may be due to strong interaction between methyl orange and positively charged 

TiO2 [93]. 
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1.11.2 Effect of Substrate  

An earlier study shows that, when concentration of contaminants increases, most 

of the contaminant molecules accumulate on the photocatalyst surface, Hence, it affects 

the rate of mineralization of pollutant [94]. In 2009 Mahalakshmi et al., reported that 

above 200 ppm propoxur concentration the rate of photo degradation will decrease. It is 

due to fact that above 200 ppm of propoxur solution the formation of •OH radicals will be 

constant when same quantity of photocatalyst was used. The degradation and 

mineralization of homologous series of an-ionic azo dyes increasing with decreases in 

substrate concentration when the concentration of dye increased from 0.125 mili molar to 

0.75 mili molar, initially, when substrate concentration  increased, the rate of reaction 

also increased up to 0.75 mili molar. Above limiting value (0.75 mili molar) increase in 

the substrate concentration, reduces the photocatalytic rate of reaction. This behavior is 

due to increase in substrate concentration, enhances the turbidity of the solution. Hence, 

color becomes more and more turbid, which reduces the light reaching the semiconductor 

[95]. The activity of photocatalytic reaction is reduced when the dye concentration 

increases. This is due to increase in dye concentration, reduces the generation of 
.
OH 

radicals. Since, active centers of photocatalyst decreases by masking the dye ions [9697-

98]. One more probable reason is the UV- masking effect at higher concentration of dye, 

a major portion of UV-light cannot reach the photocatalyst surface. Therefore, it 

decreases the photocatalyst efficiency. 

1.11.3 Effect of Light intensity 

Illumination of light on photocatalyst plays vital role in all photocatalytic 

reactions. It also decides the amount of electron-hole pairs generated. Therefore, higher 

the intensity of light higher the rate of photons. Consequently, the rate of photocatalytic 

reactions will increase. Elementary reactions undergo charge/carrier formation, re-

combination, reduction- oxidation, it is easily stated that at lower intensity of light, lower 

is the carrier formation; hence, the rate of mineralization of an organic contaminants is 

directly proportional to light intensity. This implies that increases in the intensity of light 

increases the amount of photons and activates the active centers of the photocatalyst 

surface and increases the photocatalytic rate of reaction.  

The photodegradation of propoxur was studied in different UV intensity of light. 

They found that as the light intensity increases, the possibility of stimulation of e
-
 also 

increases; hence, the degradation rate of propoxur also increases [99]. It is reported that 
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the influence of intensity of light on the photodegradation of MB (Methylene-Blue). It 

had been found that 50% of photodegradation of MB (40 ml/L) takes place in 15.2 minute 

using 1.5 mW cm
-2

 light intensity, while; only 11.0 minute was required for 

photodegradation of MB when light intensity was increase to 5.0 mW/cm
2
. The 

photodegradation of phenol with TiO2 and light intensity (20-400 W) they got best linear 

co-relation b/n light intensity and rate constant [100]. 

1.11.4 Effect of photocatalyst dosage 

It is well reported in the literature. The rate of reaction is directly proportional to 

the amount of photocatalyst (m) [1011-103]. Wherever, the amount of photocatalyst 

increases, the surface area of photocatalyst also increases. Consequently, the number of 

active centers on the photocatalyst increases, hence, the rate of photocatalytic 

mineralization increases.  The rate of photocatalytic reaction above the limiting value of 

dosage starts decreasing. When dosage of titania was increased above limiting value the 

number of active centers on the surface of titania remained constant. It is due to masking 

effect of light by the accumulated particles [104-105]. Further, Kabir et al., observed that 

Phenol mineralization decreases with increase in the optimum loading of TiO2 

photocatalyst. The optimal photo-catalyst loading or efficient light penetration length, 

under given conditions, is important in designing a slurry reactor for efficient use of the 

photocatalyst and the reactor volume [106].  

1.12 Review of Literature and Literature Survey 

In the last two decades the research activities committed to environment 

protection has been recorded as a consequence of the special attention paid to the 

environment [107]. 

1. Blackburn and Waldock in 1995, T.A Ternes in 1998, R. Hirsch, et al in 1999, G. G. 

Ying, et al in 2002, S. Jobling, et al in 2002 reported the existence of the 

pharmaceutical molecules in the environment and D.W. Kolpin et al in 2002 

mentioned about the rising concern of pharmaceutical molecules in the environment .  

2. J.C. Hoff and E, E. Geldrich in 1981, R.L Wolfe et al in 1984, J.C Morris in 1986, G. 

A Burlingame, et al in 1992, J. Hoigne, in 1998, C. Gottschalk., et al in 2000, Von – 

Gunten et al in 2003, B. Legube in  2003, A. Bruchet and J.P. Duguet, in 2000 used 

various disinfectants like ozone, chlorine, chloramines, permanganates for oxidation of 

micro pollutants and elimination odour and taste control. 
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3. Some reports by B. Cancho, et al in 2000, S.D. Richardson et al in 2003, M. J. Plewa et 

al in 2004, S.W. Krasner et al in 2006, Y. Bichsel, and U.von Gunten in 2000, suggest 

that there is a possibility of formation of hazardous disinfection by products. 

 4. AOPs to be appropriate processes for decomposition of organic compounds present in 

the water such as halo compounds and inorganic contaminants.  

5. Hussain et al reported that, in presence of Titania photocatalyst, organic effluents can 

be mineralized in to CO2, H2O and mineral acids at lower temperature and UV-light. 

6. Oppenländer et.al., in 2002 reported that in presence of UV-light hydroxyl (.OH) 

radicals are formed, they are potential, non-selective oxidants, It can be applied for 

those compounds which are not photo sensitive. This can be oxidised by these 

hydroxyl groups.  

7. Cooper et al., (2008). Studied that the AOPs are more suitable and broadly employed in 

water analysis.  

8. Zhang et.al. In 1998 reported, the photo-catalytic mineralization of organic 

contaminant has shown as a potential tool for mineralizing various types of dyes in 

untreated water. A various investigators have shown the photo-catalytic of this class of 

compounds in presence of UV/A or visible light with encouraging data. 

9. Wang, (2000) reported the photo-catalytic mineralization of 8 industrial availablel dyes 

having various moieties with substitute groups using Titania as a semiconductor 

catalyst in aqueous medium in visible light. 

 10. Qamar et al., (2005) studied the Chromotrope 2B and Amido Black 10B dyes in 

water medium using titania as a photocatalyst in various conditions by photocatalysis.  

11. Xie and Yuan, (2003) investigated that titania colloidal nano-particles have enhanced 

interfacial adsorption ability and superior photo efficiency than P25 titania in water 

system and can be used to recover several times while keeping high photoactivity on 

X-3B degradation reaction. 

12. Konstantinou et al., 2002 reported that wide use of titania is un-economical for big 

range of water management; hence, it is curiosity to investigate alternative 

photocatalyst to titania. A number of efforts have been made to investigate 

photocatalytic efficiency of various photocatalysts viz. SnO2, ZrO2, CdS, Fe2O3, WO3 

and ZnO. 

13. Roselin et al., (2002) studied the photo-catalytic mineralization of RR 22 (Reactive 

Red 22) dye in the presence of a thin film of ZnO photocatalyst using a thin film flat 

bed flow photo-reactor under visible light. 
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14. Chakrabarti and Dutta, (2004) studied the photo mineralization of Methylene blue and 

Eosin Y, using ZnO semiconductor photo-catalyst. The dependence of parameters 

such as photocatalyst loading, effect of substrate, air flow rate, UV illumination, 

intensity of light and pH on the degree of photo-mineralization have been reported.  

15. Pandurangan et al., (2001) reported, the photocatalytic mineralization of fabric dye, 

Basic Yellow and Auramine O with ZnO as the semiconductor in a batch reactor 

using visible light as an illuminant. In addition to de-colorization of dye solution, the 

COD was also decreased signifying that the side products formed from the dye was 

degraded. 

16. Chen et al., 2005 studied that the restrictions of a reticular photocatalyst for particular 

appliances can be conquered by converting the surface of the photocatalyst. One 

important method to modify surface properties of titania is doping. Titania can be 

doped with nobel metals or d-block elements of coupled with other metal oxide 

photocatalysts.  

17. According to Hussain et al., TiO2 may be a perfect semiconductor in numerous ways. 

It is in expensive, chemicaly stable, and commercially available. Furthermore, its 

photo-generated holes are highly oxidizing, and the photo-generated electrons are 

reducing enough to produce superoxide from dioxygen.  

18. Yu et al., investigated that Titania photocatalyst used in the removal of oraganic 

contaminant present in waste water. These appliances have been restricted by the 

huge energy band gap (3.2 eV), which can absorb only < 3% of the light in solar 

spectrum (W < 388 nm) additionaly by the quick re-combination of photo-generated 

e
-
 - h

+
 pairs. 

19. Cantarella et. al., reported that in recent years nanomaterials are representing a 

definite solution to answer many of the present problem related to water quality, 

though several limitations. That is primarily efficient their recovery after water 

treatment, impact on human health and ecosystems. By these demerits polymeric 

composites are may overcome these problems. Therefore, TiO2 nanostructures in poly 

methyl acrylate (PMMA) were designed and these materials need not recover from 

water after treatment. These polymeric nanoparticles are low cost and more active 

towards microorganism.  

20. Shet et. al., studied the Ag-TiO2 nanoparticles were synthesized using by one pot 

reaction followed by calcinations at 450 °C for 3 h and were tested for their 

photocatalytic efficacy in degradation of phenol both in free and immobilized form 

under solar light irradiation through batch experiments. Results showed that Ag-TiO2 



23 
 

nanoparticles were found to be effective in solar photocatalytic degradation of 

phenols.  

21. Camposeco et.al., in 2016 investigated that Nanotubes, nanofibers and nanowires 

were prepared by TiO2 surface modification using different concentration of NaOH. 

The prepared samples surface area, pore volume and pore size of the TiO2 changed 

with NaOH treatment. These nanoparticles shows enhanced activity towards 

degradation of methylene blue and methyl orange in basic and acid conditions.  

22. Duran-Alvarez et.al. reported in 2016. Heterogeneous photocatalysis with TiO2 can 

effectively remove antibiotics from water using UV light, but it was significantly 

decreased under sunlight irradiation. Therefore, to increase the effectiveness of TiO2, 

the studies were carried by using a metallic nanoparticle such as Au, Ag and Cu 

deposition on TiO2. Result shows more effective removal of antibiotic with less toxic 

by products within the visible spectrum. 
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 1.12 Objectives of the Work  

The main objective of the research is to study the degradation of waste-water 

containing pharmaceuticals and dyes which are not easily mineralized by biological and 

conventional treatment methods employed in the industry. In this thesis an attempt has 

been made to improve the degradation efficiency of photocatalysts. 

To study the 

a.  Degradation rate of photocatalytic reaction  

b. Effect of UV irradiation on rate of photocatalytic reaction. 

c. Effect of dosage on rate of photocatalytic reaction. 

d. Effect of substrate on rate of photocatalytic reaction. 

e. Effect of pH rate on of photocatalytic reaction.  

f. Effect of light intensity on rate of photocatalytic reaction. 
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Chapter 2 

________________________________________________

Ag-TiO2 nanoparticles for photocatalytic degradation of 

lomefloxacin 

2.1 Introduction 

Advanced oxidation processes (AOPs) are most widely used for the treatment of 

toxic persistent organic contaminants present in aqueous environment. The conventional 

and biological methods are not efficient in-the treatment of persistent organic 

contaminants and may produce hazardous by-products.  AOPs involve direct formation of 

hydroxyl (OH
∙
)
 

radical, that decompose a plenty of organic contaminants without 

discrimination [1--3] using chemical or light energy. The AOPs generally involve a 

semiconductor photocatalyst illuminated by UV or visible light resulting in incomplete or 

complete mineralization of the organic molecules [4-5]. There are a number of studies 

associated with use of TiO2 in the photo mineralization of pharmaceutical compounds   

[6-7]. 

The general importance of Titanium dioxide (TiO2) discussed in chapter 1     

(p.12-13).  

Lomefloxacin (LMF) is a broad spectrum antibacterial agent of fluoroquinolone 

family. Fluoroquinolones have been used in large quantity to treat diseases and also for 

animal feeds. They enter into the environment through excretion of human beings and 

animals [8]. 

Piperzine moiety
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Chemical Structure of Lomefloxacin (LMF) 
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There are no reports in the literature related to detailed degradation kinetics of 

LMF. Hence, the present investigation was taken up to study the photocatalytic 

degradation of LMF by Ag-TiO2 nanoparticles in aqueous medium. Ag-TiO2 

nanoparticles were synthesized by Liquid Impregnation (LI) technique. The prepared Ag-

TiO2 nanoparticles were characterized by X-ray diffraction (XRD), Scanning Electron 

Microscopy (SEM), Energy dispersive X-ray Analysis (EDX) and Transmission Electron 

Microscopy (TEM). Factors affecting the photocatalytic process viz. pH, LMF 

concentration and Ag-TiO2 dosage, intensity of UV light were also studied and discussed.  

2.2 Experimental 

2.2.1 Materials and Methods 

A stock solution of LMF (Gift sample from Dr. Reddy’s laboratories) was 

prepared by dissolving known quantity of sample in deionised water. The TiO2  (Anatase) 

sample was procured from Sisco Research Pvt. Ltd. Mumbai. India. AgNO3 was procured 

from HIMEDIA. The analar grade chemicals were used to prepare acetate (pH 4.0-5.0), 

phosphate (pH 6.0-8.5) and borate (pH 9.0) buffers. 
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Instruments Used 

1) For kinetic measurements, a CARY 50 Bio UV-Vis Spectrophotometer (Varian BV, 

The Netherlands) with temperature controller and HPLC system (Agilent 1100 

series, USA) were used. 

 

 

2) For degradation study, a photo-reactor with mercury lamp (PHILIPS, TUV 8W T5, 

Emax = 254 nm) was used. The typical light intensity illuminated on the surface of 

reaction mixture was 4 mW/ cm
2
. 
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3) For measurements of UV light intensity an optical power meter (Newport 2936 – C) 

were used.  

 

 

  

4) pH measurements, Elico pH meter models LI 120 were used. 
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5) For characterization of nanoparticles, a Siemens X-ray Diffractometer (Cu source) 

(XRD) AXS D5005 was used to identify the particle size of the doped TiO2. Shivaji 

University Kolhapur, Maharastra (INDIA). 
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6)  The surface morphologies were examined using a Scanning electron microscope 

(SEM) JEOL JSM 6360 Shivaji University Kolhapur, Maharastra (INDIA). 
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7) The topography and particle size of Ag-TiO2 was measured using JEOL JEM-

2010 transmission electron microscopy (TEM) National Institute of Technology 

Surathkal, Karnataka (INDIA).  
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2.2.2 Photocatalyst preparation 

Ag-TiO2 (anatase) nanoparticles were prepared by LI method. Slurry of TiO2 was 

prepared by adding 500 mg TiO2 in 100 ml double distilled water. The silver nitrate 

solution of 1% and 2 % (molar ratio) was added to the slurry. The resulting slurry was 

thoroughly mixed by vigorous stirring and allowed to settle at room temperature over 

night. The liquid so obtained was dried in an oven at 100 
0
C for 12 hrs to get rid of any 

remaining moisture. The nanoparticles resulting from this step was calcined at 500 
0
C for 

3 hrs in a muffle furnace to get silver doped TiO2 nanoparticles [9-10]. 

2.2.3 The Photocatalysis Process 

The photocatalysis study was carried out in a photoreactor equipped with 8W UV 

light source (Phillips) with maximum wavelength at 254 nm. The optical power reaching 

the surface of photocatalyst was kept at 4 mW/cm
2
. A dose of 0.10 g dm

-3
 of 2% Ag-TiO2 

nanoparticles were added to LMF and buffer solution. Then, it was placed in the 

photoreactor with continuous stirring. After every 15 minutes interval the solution was 

taken out and centrifuged at 5000 rpm for 5 min. The decrease in the concentration of 

LMF was measured at 287 nm (ε = 27209 dm
3
 mol

-1
 cm

-1
) using a UV-Vis as shown in 

Fig. 2.1. 

2.3 Results and discussion 

2.3.1 Effect of silver doping  

Effect of silver doping on anatase TiO2 was studied by changing the percentage of 

silver from 1% to 2% (mole ratio) an increase in the content of silver leads to decrease in 

the particle size and increase in the photocatalytic activity as shown in Fig. 2.2. Smaller 

particle size increases surface area and higher content silver may also favour separating 

charge carriers efficiently, inhibiting the recombination of electron-hole pairs, and thus 

increasing the photocatalytic activity [11]. The rates of photocatalytic degradation of 

LMF by prepared photocatalysts were compared and it was observed that the degradation 

effect of LMF treatment with UV/2% Ag-TiO2 was more efficient than other three 

treatments namely UV, UV/TiO2 and UV/1% Ag-TiO2. The % degradation efficiency of 

LMF was studied under same conditions with UV, UV/TiO2, UV/1% Ag-TiO2 and 

UV/2% Ag-TiO2 and % adsorption in dark was also determined. The % degradation 

efficiency of LMF was found to be 45%, 59%, 77%, and 95% with UV, UV/TiO2, UV/1% 

Ag-TiO2 and UV/2% Ag-TiO2 respectively within 100 minute as shown in as shown in 

Fig. 2.3. The photodegradation rate was highest with 2% Ag-TiO2, hence, further studies 

were carried out with 2% Ag-TiO2. 
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Fig. 2.1. UV–visible spectral changes during the degradation of lomefloxacin at 25 ± 

0.2˚C, [LMF] = 20.00 x 10
-5

 mol dm
-3

, pH = 4.0, 2% Ag-TiO2 = 0.10 g dm
-3

 and light 

intensity 4 mW/cm
2
. 

Time   (1) 00.00 min (2) 15.00 min (3) 30.00 min (4) 45.00 min 

  (5) 60.00 min    

 

 

  

 5 

 1 

2 

 3 

4 
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Fig. 2.2. Rate constants for the Photocatalytic degradation of LMF by various 

treatments 25 ± 0.2˚C, [LMF] = 20.00 x 10
-5

 mol dm
-3

, pH = 4.0, 2% Ag-TiO2 = 0.10  

g dm
-3

 and light intensity 4 mW/cm
2
. 
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Fig. 2.3. % degradation efficiencies of various treatment methods with time at 25 
0
C. 

[Photocatalyst] = 0.10 g dm
-3

, [LMF] = 20.00 x 10
-5 

mol dm
-3

 at pH 4.0 and light 

intensity 4 mW/ cm
2
. 
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2.3.2 Characterization of TiO2 and Ag-TiO2  

2.3.2.1 X-ray Diffraction Studies (XRD)  

Identification of crystal phase of prepared nanoparticles was done using X-ray 

diffractometer (Fig. 2.4.a). The 2θ values indicate that the major phase of all the 

synthesized nanoparticles is anatase. Scherrer equation was applied to anatase main peak 

to calculate the average crystallite size of synthesized nanoparticles as shown in Table 

2.1. The crystallite size of TiO2 is of 17.00 nm while the crystallite size of 1% Ag-TiO2 is 

14.17 nm, 2% Ag-TiO2 13.07. Our results are in agreement with earlier work [7], where 

15.00 nm to 37.00 nm of Ag-TiO2  nanoparticles sizes were reported. 

 

Calculation of particle size using X-ray diffraction plots 

After plotting the XRD plots, particle-size of synthesized nanoparticles were 

calculated using Scherrer formula.     

  i.e,         𝐷𝑃  =  
0.94𝜆

𝛽1/2 cos 𝛳
                    

Where, Dp = average size of the ordered crystalline.  

 k = dimensionless shape factor.  

 λ = X-ray wavelength. 

 ß = line broadening at half the max-intensity (FWHM).  

 𝜃 = Bragg angle. 

For this equation the maximum peak was considered from the plots and was 

magnified and re-plotted. In this peak the maximum intensity was found out and at half of 

that maximum intensity the width of the curve was calculated. This gave us the FWHM. 

(Width of the rectangle). Maximum angle 𝜃 at the maximum intensity was noted down. k 

was the dimensionless shape factor and is always assumed to be 0.94 the wavelength of 

the X-rays was found to be 0.154 x 10
-9  

m (Fig. 2.4.b). 
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Fig. 2.4 (a). XRD patterns of (a) Undoped TiO2, (b) 1% and (c) 2% Ag-TiO2 
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Table 2.1. Crystal size of undoped and Ag doped TiO2 nanoparticles from Scherrer 

equation. 

 

Sr. No Particles Particle size (nm) 

1 Un doped TiO2 17.00 

2 1% Ag-TiO2 14.17 

3 2% Ag-TiO2 13.07 
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Fig. 2.4 (b) Calculation of particle size using XRDRD 
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Substituting the values the calculations were preceded as follows- 

λ = 0.154 x 10
-9 

m 

k = 0.94 

Intensity at maximum peak = 1024 cps  

Angle at the peak 2θ = 25.4
o 
 

Half of the intensity = 512 cps 

Full length at half maximum β = 25.6 – 25.05 = 0.5500 
o
 

                                                 = 8.727X 10
-3

 radians   

                   ,         𝐷𝑃  =  
0.94 𝑋 0.154 𝑋 10−9

8.727 𝑋 10−3𝑋 0.9956
                 =17.00 nm for TiO2 

Similarly we calculated for 1% Ag-TiO2 and 2% Ag-TiO2.  

2.3.2.2 Scanning Electron Microscope (SEM) 

The SEM images of synthesized Ag-TiO2 nanoparticles (Fig. 2.5 (a) Fig. 2.5 (b) 

and Fig. 2.5 (c)) were used to characterize the surface morphology of nanoparticle 

aggregates. It is evident that the aggregates of the Ag-TiO2 nanoparticles are 

heterogeneous and of irregular shape, which results in a high surface area [12].  

2.3.2.3 Transmission Electron Microscope (TEM)  

TEM images show the heterogeneously dispersed aggregates of Ag-TiO2 

nanoparticles having cylindrical in shape crystalline structures which can be clearly 

observed in (Fig. 2.6 (a) and Fig. 2.6 (b)). Tiny dark dots seen in TEM were recognized as 

Ag particles dispersed on TiO2 nanoparticles with a particle size of approximately 10.00-

15.00nm in breadth and 40.00-45.00nm in length. The crystallite size of the synthesized 

nanoparticles observed in TEM image was close to the values obtained from Scherrer 

equation. 

2.3.2.4 Energy Dispersive X-ray spectroscopy (EDX) 

 The elemental analysis of synthesized nanoparticles was done using EDX. EDX 

spectra (Fig. 2.7 (a) and Fig. 2.7 (b)) show that the prepared nanoparticles contains Ti, O 

and Ag. Ag L peak was found but peak of Ag K cannot be detected because low electron 

accelerating voltage was applied [13]. The peaks from the spectrum reveal the presence of 

Ti, O and Ag at 4.508, 0.525 and 2.983 keV respectively. The atomic % of Ti, O and Ag 

is 77.51, 20.49 and 2.00 respectively. This composition of Ti, O and trace amount of Ag, 

which leads to better photocatalytic activity. 



50 
 

Fig. 2.5.  SEM micrographs of a) Undoped TiO2,  b) 1% Ag - TiO2  and   c) 2% Ag - 

TiO2 

 

(a) 

 

 

 

 

 

 

(b)    

 

 

 

 

 

 

 

 

(c)  
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Fig. 2.6. TEM micrographs of (a & b) 2% Ag/TiO2 

 

 

 

(a)  

 

 

 

(b) 
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Fig. 2.7. EDX analysis of a) 1% and b) 2% Ag-TiO2 
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2.3.3 Effect of photo catalyst dosage 

 The effect of photocatalyst dosage was investigated by varying the amount of 2% 

Ag-TiO2 from 0.05 g dm
-3

 to 0.25 g dm
-3

 while maintaining [LMF] and pH 4 constant. 

Initially, the photocatalytic degradation rate increased up to 0.10 g dm
-3

, after this limiting 

value the rate of reaction almost remained constant (Table 2.2 and Fig. 2.8.). This can be 

explained on the basis of turbidity formation with increase in the photocatalyst dosage. As 

the amount of photocatalyst increases in the initial state, the exposed surface area of the 

photocatalyst also increases but after this limiting value (0.10 g dm
-3

) any increase in the 

amount of photocatalyst increases the turbidity of the solution and thus blocks UV 

irradiation reaching the photocatalyst, which reduces the degradation rate [14]. 

2.3.4 Effect of [LMF]  

The effect of variation of LMF concentration was studied by taking different 

[LMF] from 8.00 x 10
-5

 to 28.00 x 10
-5 

mol dm
-3 

and keeping other conditions constant. It 

was observed that increase in the [LMF], increased the rate of photocatalytic degradation, 

reached maximum value at [LMF] = 20.00 x 10
-5 

mol dm
-3

 further increase in 

concentration resulted in decrease in the rate of photocatalytic degradation as shown in 

Table 2.3 and Fig. 2.9. It can be explained on the basis of screening effect of the drug. As 

[LMF] increased, more number of LMF molecules is excited and consequently available 

for degradation; hence the rate of degradation increases. But at concentration above 20 x 

10
-5 

mol dm
-3

 the LMF acts as a filter for the incident light and decreases the rate of 

photocatalytic degradation [15]. 

2.3.5 Effect of pH 

The pH normally influences the adsorption capacity of the adsorbent in aqueous 

medium by altering the surface properties of adsorbent. The effect of pH on the rate of 

photo degradation of LMF was studied by varying the pH from 4.0-8.0, while keeping 

other conditions constant. The rate of photocatalytic degradation of LMF was slightly 

higher in the pH range 4.0-5.0 and slightly lower in the pH range 7.0-8.0 as shown in 

Table 2.4 and Fig. 2.10. This behaviour may be explained on the basis that an increase in 

the rate of photocatalytic degradation may be due to the increased availability of OH
–
 

ions at acidic pH value. OH
–
 ions will generate more hydroxyl radicals (•OH) by 

combining with holes, which are considered responsible for the photocatalytic 

degradation.  The adsorption on Ag-TiO2 primarily depends on its surface properties and 

surface reactivity largely related to surface hydroxyl groups. It is evident from the    

Table 2.5.  
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Table 2.2. Effect of different amount of 2% Ag-TiO2 photocatalyst on degradation of 

LMF at 25 
0
C, [LMF] = 20 x10

-5  
mol dm

-3
, at pH = 4, light intensity = 4 mW/cm

2
. 

 

Photocatalyst 
Amount of 

photocatalyst (g dm
-3

) 

kobs x 10
3 

(min
-1

) 

2% Ag-TiO2 

0.05 8.00 

0.10 12.90 

0.15 10.00 

0.20 9.50 

0.25 8.80 
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Fig. 2.8. Effect of different amounts of photocatlyst [LMF] = 20.00 x10
-5 

mol dm
-3

, at 

pH = 4.0, light intensity = 4 mW/cm
2
. 

(Conditions are stated in Table 2.2   (p.54)) 
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Table 2.3. Effect of [LMF] on photocatalytic rate constants with 2% Ag-TiO2 at 25 

o
C, [Ag-TiO2] = 0.10 g dm

-3
, at pH = 4.0, light intensity = 4 mW/cm

2
. 

Photocatalyst 

[LMF] x 10
5
  

(mol dm
-3

) 

kobs x 10
3 

(min
-1

) 

2% Ag-TiO2 

8.00 06.17 

12.00 08.17 

16.00 10.21 

20.00 12.84 

24.00 09.80 

28.00 08.71 
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Fig. 2.9. Effect of [LMF] on photocatalytic rate constants with 2% Ag-TiO2 at 25 
o
C, 

[Ag-TiO2] = 0.10 g dm
-3

, at pH = 4.0, light intensity = 4 mW/cm
2
. 

 

 (Conditions are stated in Table 2.3 (p.56)) 

 

 

 

 

 

 

 

 

 

4

5

6

7

8

9

10

11

12

13

14

5 10 15 20 25 30

k
o

b
s 
x 

1
0

3
 (m

in
-1

)

[LMF] x 105 (mol dm-3)



58 
 

 

Table 2.4. Effect of pH on the rate constant of photocatalytic degradation of LMF 

with 2% Ag-TiO2 at 25 
o
C, [Ag-TiO2] = 0.10 g dm

-3
, [LMF] = 20.00 x 10

-5 
mol dm

-3
, 

light intensity = 4 mW/cm
2
. 

Photocatalyst pH kobs x 10
3 

(min
-1

) 

2% Ag-TiO2 

4.0 12.00 

5.0 9.80 

6.0 8.50 

7.0 7.80 

8.0 6.60 
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Fig. 2.10. Effect of pH on the rate constant of photocatalytic degradation of LMF 

with 2% Ag-TiO2 at 25 
o
C, [Ag-TiO2] = 0.10 g dm

-3
, [LMF] = 20.00 x 10

-5 
mol dm

-3
. 

light intensity = 4 mW/cm
2
. 

 

 (Conditions are stated in Table 2.4 (p.58)) 
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Table 2.5. Adsorption capacities at different pH, [LMF] = 20.00 x 10
-5

 mol dm
-3

, 

(2%) Ag-TiO2 = 0.10 g dm
-3

. (Langmuir isotherm)  

 

 

Sl. No pH 

Adsorption Capacity  

(Langmuir Isotherm)  

(mol g
-1

) 

1 4.0 0.00110  

2 5.0 0.00091  

3 6.0 0.00085  

4 7.0 0.00072  

5 8.0 0.00062  
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The adsorption capacity decreases with increase in the pH from 4.0 to 8.0.  The 

LMF contains >NH and carboxyl functional groups in its molecular structure.  This 

enables LMF to react with the H
+
 and OH

-
 in solution to form three different LMF 

species viz., LMFH
+ 

(cation), LMF
° 

(neutral) and LMF¯ (anion).  The pKa values of 

LMF were computed by using Chem. axon calculator and they were found to be pKa1 

(5.64) and pKa2 (8.70) [16]. The proportion of LMF in different forms can be calculated 

from the pKa values shown in Fig. 2.11. LMF forms about 98% LMFH
+
 at pH 4.0 by 

combining with H
+ 

ions from the solution, which favours the LMF adsorption on the 

negatively charged surface of Ag-TiO2 photocatalyst. The proportion of LMFH
+
 

decreases to 81% at pH 5.0 reduces to 30% at pH 6 and further reduces to 4% 

(negligible) at pH 7.0.  LMF neutral species dominates in the pH range 6.0 – 8.0. With 

the proportional decrease in the concentration of LMFH
+
 and proportional increase in the 

concentration of LMF neutral, the adsorption capacity of LMF on Ag-TiO2 decreases. 

The adsorption of LMFH
+ 

is due to the combination of cation with negatively charged 

surface of Ag-TiO2, whereas the adsorption of LMF neutral is due to weak Van der 

Waals forces of attraction.  This observation is in line with the earlier report [17].    

2.3.6 Effect of light intensity. 

It was observed (Table 2.6 and Fig. 2.12.) that, an increase in light intensity 

increased the rate of photocatalytic degradation. This can be explained on the basis of 

generation of more number of electron hole pair. Increase in UV light intensity excites 

higher number of Ag-TiO2 nanoparticles there by generating higher number of electron 

hole pairs. The holes decompose the LMF molecules adsorbed on the surface of Ag-TiO2 

particles and oxidize it to water resulting in their efficient degradation [18]. This effect of 

UV light intensity was investigated by altering the length of UV lamp from the surface of 

reaction mixture.  

2.3.7 Mechanism of photocatalytic degradation 

 On the basis of the experimental data the following tentative mechanism may be 

given for photocatalytic degradation of LMF. 

1
LMF0   

hʋ            1
LMF1 

 
1
LMF1   

ISC
 

3
LMF1 

 
3
LMF1 + Ag-TiO2  LMF

+
 + Ag-TiO2 (e

-
) 

 Ag-TiO2 (e
-
) + O2  Ag-TiO2+ O2

-.
 

 LMF
+
 + OH

-
   LMF +OH

. 

           LMF + OH∙                            product 
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Fig. 2.11. Speciation of LMF at different pH 
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Table 2.6. LMF degradation under different UV intensities LMF with   2% Ag-

TiO2 at 25 
o
C, [Ag-TiO2] = 0.10 g dm

-3
, [LMF] = 20.00 x 10

-5 
mol dm

-3
, at pH=4.  

 

Photocatalyst 

Light intensity  

(mW/cm
2
) 

kobs x 10
3 

(min
-1

) 

2% Ag-TiO2 

4 7.90 

5 8.80 

6 9.51 

7 10.80 

8 12.10 
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Fig. 2.12. LMF degradation under different UV intensities LMF with 2% Ag-TiO2 

at 25 
o
C, [Ag-TiO2] = 0.10 g dm

-3
, [LMF] = 20.00 x 10

-5 
mol dm

-3
, at pH=4.0. Light 

intensity = 4 mW/cm
2
. 

 (Conditions are stated in Table 2.6  (p.63)) 
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When the LMF solution is exposed to UV light, in the presence of Ag-TiO2, 

initially LMF molecules are excited to first singlet state (
1
LMF1). Then these excited 

molecules are moved to the triplet state through inter system crossing (ISC). The triplet 

drug (
3
LMF1) may provide its electron to the photocatalyst and become positively 

charged. The dissolved oxygen of the solution will pull an electron from the conduction 

band of the photocatalyst, thus generating the photocatalyst. The positively charged 

molecules of the drug (LMF) will immediately reacts with 
–
OH ions to form OH∙ 

radicals, which will convert the drug molecules in to products.  

In undoped TiO2, molecular oxygen is the only one electron trapping entity, 

whereas in Ag-TiO2, two other electron trapping entities are set up, viz., Ag
+
 ions and 

Ag
0
. Since the Fermi level of TiO2 is higher, hence electrons will move from TiO2 

nanoparticles to the metallic silver nanoparticles resulting in a space charge between Ag 

and TiO2. The electric field finally force the electrons to the interfacial space of the TiO2 

nanoparticles. Here, silver particles act as electron traps [19]. This leads to an increase in 

the charge separation efficiency and slows down electron-hole recombination. Silver 

metal on the catalyst surface improves the quantum yields by increasing the removal and 

the transfer of electrons from catalyst to molecular oxygen [20].  Therefore, molecular 

oxygen reacts with photo generated electrons to form superoxide an ion radical, which 

were subsequently enhance the oxidation of LMF. 

2.4 Conclusion  

1% and 2% Ag-TiO2 nanoparticles were synthesized by LI method. The obtained 

results revealed that Ag-TiO2 (17.00 to 13.07 nm) particles have a good potential to be 

used as a photocatalyst in the degradation of LMF in acidic environment (pH 4.0). The 

XRD patterns of synthesized catalysts indicate anatase crystal structure. The EDX 

analysis and TEM topograph shows that the existence of Ag-TiO2. Under optimum 

conditions, over 95% photocatalytic degradation of LMF was achieved in 100 min using 

2% Ag-TiO2 photocatalyst. 
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Chapter 3 

______________________________________________________

Ru-TiO2 semiconducting nanoparticles for the 

photocatalytic degradation of bromothymol blue 

______________________________________________________ 

3.1 Introduction 

 A wide variety of organic contaminants has been detected in the aquatic 

environment which are discharged through municipal waste-water, industrial effluents, 

commercial operations, runoff from agricultural lands, chemical spills etc [1]. Till now, 

the conventional and biological methods have not been able to get rid of these persistent 

organic contaminants from the environment [2]. 

Dye effluent released from textile and dye industries are to be considered due to 

its impact on flora and fauna and increasing concern over the carcinogenicity and toxicity 

[3--5]. This fact compels elimination of dyes in the effluent treatment plants [6]. 

The general importance of Titanium dioxide (TiO2) discussed in chapter 1 (p.12-

13) and Advanced oxidation processes (AOPs) discussed in chapter 2 (p.34).   

These doped cat ions reduce the band gap and red shift threshold towards the 

absorption of visible range [7].  Ruthenium might act as a suitable element for doping of 

TiO2, because of its closeness in atomic radius with TiO2 (Ru - 0.056,  Ti - 0.060 nm) [8]. 

The model compound used for study is bromothymol blue (BTB). BTB is a textile 

dye derivative, which is harmful in case of skin and eye contact (irritant). Photo-catalytic 

degradation of BTB by TiO2 has been investigated earlier by Haque et al [9]. From the 

application point of view, kinetics of degradation of textile dye derivatives by doped 

nanostructure is essential. Therefore, in the present work, we have carried out a 

comprehensive investigation on the photo-catalytic degradation of BTB by prepared Ru-

TiO2 nanoparticles by studying the effects of pH of the reaction, substrate concentration, 

catalyst dosage, percentage of doping of photo-catalyst and intensity of UV- light. 

S

O

Br

O

O

Br

OH

OH

 

Chemical Structure of Bromothymol blue (BTB)  
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3.2 Experimental 

3.2.1 Reagents and chemicals 

 A bromothymol blue (BTB) (Sigma-Aldrich) stock solution was prepared by 

dissolving appropriate amount of sample in double distilled water. The TiO2 (anatase) 

(SRL) and RuCl3 
.
3H2O (SRL) samples were directly used to prepare Ru doped TiO2 

without any further purification. The degradation investigations were carried out with the 

use of all reagent grade chemicals. 

 The instruments used were already discussed in chapter-2 and p.no. (36-40) 

3.2.2 Photocatalyst preparation  

 Ruthenium (Ru) doped anatase TiO2 nanoparticles were prepared by liquid 

impregnation method. For ruthenium doping, 0.2%, 0.4% and 0.8% (mole ratio) of RuCl3 

3H2O was dissolved in 100 ml of 0.2 M HCl solution. Further, 1.0 g of Anatase 

nanoparticles TiO2 was added. The resultant slurry were thoroughly stirred continuously 

for 3 hours and allowed to settle at room temperature for 24 hrs. Afterward, that the water 

was removed from slurry by placing in electric oven at 80 
0
C for further 24 hrs. After the 

removal of water the particles were crushed then it is calcined at 400 
0
C in a furnace for 3 

hrs, since the Anatase to Rutile phase transformation takes place above 400 
o
C  [10-11]. 

3.2.3 The Photocatalysis Process  

To investigate the photo-catalytic degradation, a known concentration of BTB 

solution and the buffer was taken in a Pyrex beaker, and then a dosage of 100 mg dm
-3

 

Ru-TiO2 nanoparticles was added. Before illumination, the suspensions were stirred at a 

dark place for 1 hr to attain adsorption and desorption equilibrium established between 

the BTB and photo-catalyst. Then, the beaker was placed in a photo-catalytic chamber 

under 8 W UV-lamp (Phillips) with a wavelength peak at 254 nm with continuous stirring 

for adsorption–desorption equilibrium and then exposed to UV light. At the interval of 

every 15 minutes,   the solution was taken out and centrifuged at 5000 rpm for 10 min. 

The decrease in the concentration of BTB was monitored at 429 nm (ε = 10860 dm
3
 mol

-1 

cm
-1

) using UV-visible spectrophotometer (Varian CARY 50 Bio UV-Vis 

Spectrophotometer) and the degree of mineralization was studied as shown in Fig. 3.1. 
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Fig. 3.1. UV–visible spectral changes during the degradation of BTB at 25 ± 0.2˚C, 

[BTB] = 5.00 x 10
-5

 mol dm
-3

, pH = 4.0, 0.8 % Ru-TiO2 = 100 mg dm
-3 

and light 

intensity = 4 mW/cm
2

. 

Time   (1) 00.00 min (2) 15.00 min (3) 30.00 min (4) 45.00 min 

  (5) 60.00 min (6)75.00 min (7) 90.00 min  
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3.3 Results and discussion 

3.3.1 Effect of Ruthenium doping  
Effect of ruthenium doping on anatase TiO2 was studied by changing the 

percentage of ruthenium from 0.2 to 0.8% (mole ratio) an increase in the content of 

ruthenium leads to decrease in the particle size and increase in the photo-catalytic activity 

[12] as shown in  Fig. 3.2. Smaller particle size increases surface area and higher content 

ruthenium may also favour separating charge carriers efficiently, inhibiting the 

recombination of electron-hole pairs, and thus increase the photo-catalytic activity [13]. 

The rates of photo-catalytic degradation of BTB treatment with UV/0.8% Ru-TiO2; was 

more efficient than other four treatments namely UV, UV/TiO2, UV/0.2% Ru-TiO2, 

UV/0.4% Ru-TiO2. The % degradation efficiency of BTB was studied under same 

conditions with UV, UV/TiO2, UV/0.2% Ru-TiO2, UV/0.4% Ru-TiO2, UV/0.8% Ru-TiO2 

and percentage adsorption in dark was also determined. The percentage degradation 

efficiency of BTB was found to be 48%, 60%, 75%, 82% and 95% with UV, UV/TiO2, 

UV/0.2% Ru-TiO2 UV/0.4% Ru-TiO2 and UV/0.8% Ru-TiO2 respectively with in 100 

minute as shown in Fig. 3.3. The % degradation efficiency of UV/0.8% Ru-TiO2 is about 

35% higher than UV/TiO2 report by Haque et al under our experimental conditions with 

[Photocatalyst] = 100 mg dm
-3

, [BTB] = 5.00 x 10
-5 

mol dm
-3

 at pH 4.0 and light intensity 

4 mW cm
-2

. hence, further studies were carried out with 2% Ag-TiO2. 

 3.3.2 Characterization of TiO2   and Ru-TiO2 

3.3.2.1 X-ray Diffraction Studies (XRD) 

 XRD pattern of pure TiO2 and Ru–TiO2 was studied by using  XRD using Cu Kα 

emission over a scan range of 2θ (10
o
 - 90

o
). XRD patterns of pure and 0.2, 0.4 and 0.8% 

Ru-TiO2 were shown in (Fig. 3.4). Several well defined diffraction reflections were 

appeared in the pattern 25.2, 38.0, 48.2, 53.9, 55.0, 62.5, 70.2, 70.8, and 78.5, 82.9, which 

corresponds to the XRD pattern of all the ten peaks of anatase TiO2 with lattice planes of  

(101), (004), (200), (105), (211), (204), (116), (220), and (215), (224), respectively.  The 

absence of metal peaks is due to the ultrafine dispersion of TiO2 nanoparticles and or due 

to very low metal concentration. The mean particle dimensions of prepared nanoparticles 

were determined from a full width half maximum of A (101) peak of anatase TiO2 by 

applying Scherrer equation (1) [14].  

𝐷 =
𝑘𝜆

𝛽 cos 𝛳
                                 (1) 

Where k is a constantly called shape factor is equal to 0.94, λ is the X-ray wavelength is 

equal 0.154 nm, β, is the full width at half maximum and θ is the half diffraction angle. 
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Fig. 3.2 Rate constants for the photo-catalytic degradation of BTB by various 

treatments at 25 ± 0.2˚C, [BTB] = 5.00 x 10
-5

 mol dm
-3

, pH = 4.0, 0.8 % Ru-TiO2 = 

100 mg dm
-3

 and light intensity = 4 mW/cm
2

. 
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Fig. 3.3.  % degradation efficiencies of various treatment methods with time at 25 ± 

0.2˚C, [BTB] = 5.0 x 10
-5

 mol dm
-3

, pH = 4.0, 0.8 % Ru-TiO2 = 100 mg dm
-3

 and light 

intensity = 4 mW/cm
2

. 
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Fig. 3.4. X-ray diffraction patterns of a) Undoped TiO2   b) 0.2% Ru- TiO2   c) 0.4% 

Ru- TiO2 d) 0.8% Ru- TiO2 
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 The average particle size of TiO2, 0.2% Ru-TiO2, 0.4% Ru-TiO2, 0.8% Ru-TiO2 

are given in (Table 3.1) were found to be 17.00, 16.67, 15.70 and 14.40 nm respectively. 

3.3.2.2 Scanning Electron Microscope (SEM) 

 The SEM images of undoped and Ru-doped TiO2 nanoparticles obtained at the 

high magnification 15000x using JEOL JSM-6360 are presented in (Fig. 3.5 a and Fig. 

3.5 b). Thin films of the sample were prepared on a carbon coated copper grid by just 

dropping a very small amount of the sample on the grid, extra solution was removed 

using a blotting paper and then the film on the SEM grid were allowed to dry by putting it 

under a mercury lamp for 5 min. which reveal that synthesized nanoparticles possess a 

porous and spongy network of unequal shapes resulting in the high surface area. SEM 

images show that ruthenium is not equally coated on the surface of TiO2; this is in 

agreement with the earlier literature [15]. 

3.3.2.3 Transmission Electron Microscope (TEM) 

A typical TEM image of Ru-TiO2 powders synthesized by Liquid Impregration 

method is presented in Fig. 3.6 a and Fig. 3.6 b, which reveals that the synthesized Ru-

TiO2 nanoparticles is well crystallized uniformly dispersed aggregates having the 

spherical rod in shape without defects. The average particle size of the nanoparticles was 

found to be 15.00-20.00 nm. These results are in good agreement with that of calculated 

particle size by Scherrer equation. The selected area electron diffraction pattern (SAED) 

is shown in inset of Fig. 6b. The D values of diffractions were obtained from the rings 

which can be assigned [101], [004], [200], and [211] (Table 3.2) and these values are in 

agreement with the D values obtained from XRD. In SAED, the small spots making up 

rings, each spot arising from Bragg reflection from an individual crystallite indicates our 

sample is poly nano crystalline in nature. In poly-nano-crystalline samples, if more than 

one crystal contributes to the selected area diffraction pattern, it can be difficult or 

impossible to analyze. SAED is similar to XRD but unique in that areas as small as 

several hundred nanometers in size can be examined, whereas XRD typically samples 

areas several centimetres in size due to that we could observe small difference in the D 

values of SAED and XRD [16-17]. 

3.3.2.4 Energy Dispersive X-ray Spectroscopy (EDX) 

The EDX pattern of Ru-TiO2 (Fig. 3.7.) was obtained using the JEOL JED-2300 

equipment. The EDX shows the existence of 3 different X-ray peaks linked to O Kα, Ru 

Kα and Ti Kα [18]. The peaks from the spectrum reveal the presence of Ti, O and Ru at 

4.508, 0.525 and 2.558 keV respectively. The atomic % of Ti, O and Ru is 36.40, 62.79 

and 0.81 respectively. This composition of Ti, O and trace amount of Ru revealed that the  
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Table 3.1.  Particle size of un-doped and Ru doped TiO2 nanoparticles 

 

Sr. No Particles Particle Size * 

1 Un doped TiO2     17.00 

2 0.2%Ru-TiO2  16.67 

3 0.4%Ru-TiO2  15.70 

4 0.8%Ru-TiO2  14.40 

 

* Computed from XRD-data applying Scherrer equation 
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Fig. 3.5. SEM micrographs of a) Undoped TiO2 b) 0.8% Ru-TiO2 nanoparticles 

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

(b) 
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Fig. 3.6.  TEM micrographs a&b of 0.8% Ru/TiO2 

 

(a) 

 

 

 

 

(b) 
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Table 3.2.  Comparision of D values from XRD and Selected area electron 

diffraction data 

 

 

2R 

[1/nm] 

R 

[1/nm] 

SAED 

D [nm] 

XRD 

D [nm] 

Difference 

SAED and XRD 

D 

[A
0
] 

h k l 

 

2-theta 

 

5.92 2.96 0.3378 0.3496 0.0118 3.38 101 25.45 

8.87 4.43 0.2254 0.2352 0.0098 2.25 004 38.22 

10.60 5.30 0.1886 0.1882 0.0004 1.89 200 48.28 

12.60 6.30 0.1587 0.1667 0.0080 1.59 201 55.00 
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Fig. 3.7. EDX analysis of 0.8% Ru/TiO2 
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Formation of non-stoichiometric TiO2 with oxygen vacancy, which leads to better photo-

catalytic activity [19]. 

3.3.2.5 Fourier Transform Infrared (FTIR) Spectra Analysis 

 The FT-IR spectra of pure TiO2 and Ru-TiO2 nanoparticles were shown in Fig. 

3.8. The FT-IR spectra of TiO2 and Ru-TiO2 show a broad band between 3500 cm
-1

 to 

3000 cm
-1

, which is a characteristic band of associated hydroxyl groups. The other peaks 

at 1635 cm
-1

 correspond to the stretching vibration of a hydroxyl group and representing 

the water as moisture [20]. The peak observed between 750 and 500 cm
-1

 indicates the Ti-

O stretching bands. Calcination of TiO2 and Ru-TiO2 sample at 600 
o
C leaves a strong 

band between 800 and 450 cm
-1

, which can be attributed to the formed of TiO2 

nanoparticles [21].  

3.3.2.6 Band Gap Measurement 

The bandgap measurements of nanoparticles were made from the diffuse 

reflectance spectra collected using a Perkin Elmer Lambda 950 UV/Vis/NIR 

spectrophotometer with a 150 mm integrating sphere attachment. Diffuse reflectance 

measurements were made between 800 – 200 nm using BaSO4 as a reflectance standard. 

The optical band gaps (Eg) of the nanoparticles were determined from the Tauc plot of 

the Kulbelka-Munk function obtained from the diffuse reflectance spectra. The Kulbelka-

Munk function is given by the equation F(R) = (1-R)
2
/2R, where R is the diffuse 

reflectance of the sample. Extrapolation of the linear portion of the modified Kubelka-

Munk function, [F(R)hυ]
1/2

 vs the photon energy (hυ) curve on the zero ordinate gives the 

Eg (Fig. 3.9).  

The band gap of 0.2, 0.4 and 0.8% Ru-TiO2 was found to be 3.10, 3.04 and 2.96 

eV respectively. However, in the literature it is reported that the pure anatase TiO2 

nanoparticles shows the band gap 3.2 eV. This red shift is due to the localized energy 

level introduced by the Ru in the forbidden energy range of TiO2 [22]. From the reduction 

in the band-gap value indicates that Ruthenium is effectively doped in TiO2 lattice [17].   

3.3.2.7 Surface Area Measurement 

Photo-catalytic activity of Ru-doped TiO2 also depends on the surface area of the 

particles. Hence, it would be interesting to determine the surface area of Ru-doped TiO2 

nanoparticles. The specific surface area of the nanoparticles was measured by the BET 

nitrogen gas adsorption method using Smart Instruments Surface Area Analyser (Smart 

Sorb 92/93). Our studies indicate that synthesized nanoparticles showed a surface area of 

85.23 m
2 

g
-1

, 88.79 m
2 

g
-1

, 92.91 m
2 

g
-1

 and 94.28 m
2 

g
-1 

for pure TiO2, 0.2% -Ru-TiO2, 

0.4% -Ru-TiO2 and 0.8%- Ru-TiO2 nanoparticles respectively.   
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Fig. 3.8.  FT-IR spectra of (a) Pure TiO2 (b) 0.2 % Ru-TiO2 (c) 0.4% Ru-TiO2 (d) 

0.8% Ru-TiO2   nanoparticles  
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Fig. 3.9.  Plot of [F(R)hυ]1/2vs the photon energy (hυ) 
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The decrease in particle size can be explained on the basis of Nae-Lih Wu’s 

theory [23]. According to Nae-Lih Wu’s theory, the motion of the crystallites is restricted 

due to the interaction on the boundaries between TiO2 and Ru [2425-26], which results in 

the reduction of particle size of TiO2. Hence, the specific surface area increases with 

decrease in particle size. The very high surface area of 0.8% Ru-TiO2 nanoparticles is 

responsible for the enhanced photo-catalytic degradation of BTB. 

3.3.3 Effect of Photocatalyst Dosage 

The effect variation in the photo-catalyst dosage on the degradation kinetics of 

BTB was examined using a various concentration of 0.8% Ru-TiO2 varying from 0 mg 

dm
-3

 to 250 mg dm
-3

 and keeping other parameters constant. The rate constant, kobs, was 

found to increase with an increase in the dosage of a catalyst as shown in Table 3.3 and 

Fig. 3.10. This can be attributed to the fact that, as the dosage of Ru-TiO2 increases, the 

exposed surface area of the photo-catalyst also increases. The results in line with the 

earlier reports [27-28]. 

3.3.4 Effect of [BTB] 

 The rate of photo-catalytic degradation of bromothymol blue at pH 4 was 

examined by varying concentrations of BTB from 2.00 x 10
-5 

mol dm
-3

 to 20.00 x 10
-5

 

mol dm
-3

. Initially, the rate constant, kobs, was found to increase with the increase in 

substrate concentration from 2.00 x 10
-5 

mol dm
-3

 to 12.00 x 10
-5

 mol dm
-3

. A further 

increase in BTB concentration above 12.00 x 10
-5

 mol dm
-3

 resulted in a decrease in the 

rate constant (Table 3.4 and Fig. 3.11). It can be explained on the basis of screening effect 

of the dye. As [BTB] increased, more number of BTB molecules is excited and 

consequently available for degradation; hence the rate of degradation increases. But at 

concentration above 12.00 x 10
-5

 mol dm
-3

 the dye acts as a filter for the incident light and 

decreases the rate of photo-catalytic degradation [9]. 

3.3.5 Adsorption Study 

 The adsorption experiment was carried by varying the BTB concentration from 

2.00 x 10
-5

 to 20.00 x 10
-5

 mol dm
-3

. The appropriate amount of BTB solution was taken 

in 100 ml beaker and 10 mg of Ru-TiO2 nanoparticles was added.  The pH value of the 

each set was adjusted to 4.0, 5.0, 6.0, 7.0 and 8.0 respectively. The solution was sealed 

and stirred at 25˚C for overnight in the absence of UV light. The solution was centrifuged 

and the BTB concentration of the supernatant was measured by UV spectrophotometer. 

The adsorption amount (Capacity) was calculated using the following equation         

(Table 3.5).                                                  𝑆 =
 𝐶0−𝐶 𝑉

𝑚
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Table 3.3. Effect of different amount of 0.8%Ru-TiO2 photocatalyst on the 

degradation of BTB at [BTB] = 5.00 x 10
-5 

mol dm
-3

, at pH=4.0, light intensity = 4 

mW/cm
2
. 

Photo-catalyst 
Amount of photocatalyst  

(g dm
-3

) 

kobs x 10
3 

(min
-1

) 

0.8% Ru-TiO2 

0.05 8.10 

0.10 13.00 

0.15 15.80 

0.20 17.10 

0.25 21.00 
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Fig. 3.10. Effect of different amount of 0.8% Ru-TiO2 photocatalyst on the 

degradation of BTB at [BTB] = 5.00 x 10
-5 

mol dm
-3

, at pH=4.0, light intensity = 4 

mW/cm
2
. 

(Conditions are stated in Table 3.3   (p.85)) 
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Table 3.4. Effect of [BTB] on photo-catalytic rate constant with 0.8% Ru-TiO2 at 25 

o
C [Ru-TiO2] = 100 mg dm

-3
 at pH = 4.0, light intensity = 4 mW/cm

2
. 

 

Photocatalyst [BTB] x 10
5
 (mol dm

-3
) k obs x 10

3 
(min

-1
) 

0.8% Ru-TiO2 

2.33 4.29 

5.52 13.00 

7.08 15.20 

9.02 19.00 

12.00 21.00 

16.00 20.00 

20.00 18.00 
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Fig. 3.11. Effect of [BTB] on photo-catalytic rate constant with 0.8% Ru-TiO2 at 25 

o
C [Ru-TiO2] = 100 mg dm

-3
 at pH = 4.0, light intensity = 4 mW/cm

2
. 

 

 (Conditions are stated in Table 3.4   (p.87)) 
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Table 3.5. Adsorption capacities at different pH, [BTB] = 5 x 10
-5

 mol dm
-3

, (0.8%) 

Ru-TiO2 = 100 mg dm
-3

. (Langmuir isotherm)  

 

Sl. No pH 

Adsorption Capacity  

 (Langmuir Isotherm)  

 (mol g
-1

) 

1 4.0 0.00091 

2 5.0 0.00083 

3 6.0 0.00074 

4 7.0 0.00060 

5 8.0 0.00060 
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Where S basically represents efficiency of adsorption (mol g
-1

), C0 is the initial 

concentration of BTB, C is the BTB is the equilibrium concentration (mol dm
-3

), V is the 

volume (dm
3
) of the solution, and m is the mass of added Ru-TiO2 (g). 

The adsorption of the BTB on the surface of Ru-TiO2 photo-catalyst was studied 

by continuous stirring the aqueous solution of BTB in the dark for 24 h in a flask 

containing varying amounts of Ru-TiO2. The analysis of BTB concentration after 

centrifugation shows no observable loss of the dye. Hence, adsorption has no significant 

effect on the degradation rate. 

3.3.6 Effect of pH 

 pH is an key parameter in photo-catalytic reactions, it gives information pertaining 

to the morphological properties of the photo-catalyst and adsorption performance of 

contaminants. Effect of pH on the degradation of BTB in water medium of Ru-TiO2 was 

examined between pH 4.0 to 8.0 under UV-light. Whilst maintaining other reaction 

conditions constant. The photo-catalytic degradation of BTB was higher in the pH range 

4.0-6.0 and slightly lower in the pH range 7.0-8.0 as shown in Table 3.6 and Fig. 3.12. 

This performance possibly elucidated on the bases that increase in the rate of photo-

catalytic degradation was due to the surface activity of photo-catalyst. The adsorption at 

pH 4.0 to 6.0 is favoured by attractive electrostatic forces existing between BTB anion 

and as Ru-TiOH2
+
,  

Where Ru-TiOH2
+
 is a major active species in this pH range. Where as in basic medium, 

i.e. pH 7.0 to 8.0 Ru-TiO
- 
is a major active species, Hence electrostatic repulsion between 

two negatively charged species, Ru-TiO
-  

and BTB anion  disfavours photo-catalytic 

degradation [29,30].  The adsorption capacity decreases with increase in the pH from 4.0 

to 8.0.  The BTB react with the H
+
 and OH

-
 in solution to form two different BTB species 

viz., BTB
° 
(neutral) and BTB¯ (anion).  The proportion of BTB in different forms can be 

calculated from the pKa (7.1) [31] as shown in Fig. 3.13. BTB neutral species dominates 

in the pH range 4.0 – 7.0 and are adsorbed at a higher degree than highly ionised species. 

Whereas BTB
-
 dominates in the pH range above 7.0 and are less adsorbed due to 

electrostatic repulsion forces. Whereas above pH 7.0 the adsorption of BTB neutral is due 

to weak van der Waals forces of attraction.  This observation is in line with the earlier 

report [32]. 
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Table 3.6. Effect of pH on the rate constant of photo catalytic degradation of BTB 

with 0.8% Ru-TiO2 at 25 
o
C, [Ru-TiO2] = 100 mg dm

-3
 [BTB] = 5 x 10

-5 
mol dm

-3
, 

light intensity = 4 mW/cm
2
. 

Photocatalyst pH 
k obs x 10

3 

(min
-1

) 

0.8% Ru-TiO2 

4.0 13.00 

5.0 16.30 

6.0 19.00 

7.0 9.20 

8.0 6.00 
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Fig. 3.12. Effect of pH on the rate constant of photo-catalytic degradation of BTB 

with 0.8% Ru-TiO2 at 25 
o
C, [Ru-TiO2] = 100 mg dm

-3
 [BTB] = 5.00 x 10

-5 
mol dm

-3
, 

light intensity = 4 mW/cm
2
. 

 

(Conditions are stated in Table 3.6   (p.91)) 
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Fig. 3.13. Speciation of BTB at different pH 
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3.3.7 Effect of UV Lamp Distance 

 The variation of UV light intensity on the rate constant of photo-catalytic 

degradation of BTB was studied by altering the distance of UV lamp from the reaction 

mixture as shown in Table 3.7 and Fig. 3.14. It is observed that the rate constant increased 

with enhance in the light intensity. This can be attributed due to the fact that as the 

intensity of light increases, the number of photons reaching the surface of photo-catalyst 

(Ru-TiO2) also increases, consequently, increasing the number of electron-hole pairs. The 

holes decompose the BTB molecules adsorbed on the surface of Ru-TiO2 particles and 

oxidize it to water resulting in their efficient degradation. 

3.3.8 The Mechanism of Photo-catalytic Degradation of BTB with Ru-

TiO2 

 When UV light was allowed fall on the photo-catalyst, electrons in the valence 

band were to the conduction band. Consiquently, an e
-
cb- h

+
vb is generated [33]. 

Ru-TiO2 + hν     e
-
cb+ h

+
vb 

Here e
-
cb represents electrons in the conduction band and h

+
vb represents the holes 

in the valence band. The positive hole of the valence band reacts with a water molecule to 

produce hydroxide free radicals, where as the oxygen accepts the trapped electrons from 

Ru metal to generate O2
-.
 as shown in Fig. 3.15 [34]. 

H2O + h
+

vb 
.
OH + H

+
 

O2 + e
-
cb   O2

- 
 

The above reaction eliminates the possibility of e
-
cb- h

+
vb recombination. The 

.
OH 

and O2
-.
 generated then attack the BTB to yield degradation products. 

O2
-.
 + H

+
 HO

.
2 

H2O2 2 
.
OH 

.
OH + BTB  Degraded products 

BTB + e
-
cb Degraded products  

The above photocatalytic reactions occur only in the presence of dissolved oxygen 

and water molecules. In absence of water molecules, the high concentration of 
.
OH 

radicals may not be possible.  This may hinder the photo-catalytic degradation of organic 

moieties. 

 

 

 



95 
 

Table 3.7. BTB degradation under different UV intensities BTB with 0.8% Ru-TiO2 

at 25 
o
C, [Ru-TiO2] = 100 mg dm

-3
, [BTB] = 5 x 10

-5
 mol dm

-3
, at pH=4. 

 

Photocatalyst Light intensity (mW/cm
2
) 

kobs x 10
3 

(min
-1

) 

 

0.8% Ru-TiO2 

4.0 13.00 

5.0 15.00 

6.0 18.00 

7.0 21.00 

8.0 25.00 
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Fig. 3.14. BTB degradation under different UV intensities BTB with 0.8% Ru-TiO2 

at 25 
o
C, [Ru-TiO2] = 100 mg dm

-3
, [BTB] = 5.00 x 10

-5
 mol dm

-3
, at pH=4.0. 

 

(Conditions are stated in Table 3.7 (p.95)) 
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Fig. 3.15. Mechanism of photo-catalytic degradation of BTB with Ru-TiO2 
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3.4 Conclusion 

Liquid impregnation method was used to synthesize Ru–TiO2 nanoparticles. The 

particle size of TiO2 decreases with increasing percentage of ruthenium doping. 0.8% Ru–

TiO2 nanoparticles exhibited a better potential compared to UV and UV/TiO2 techniques 

for the effective photo-catalytic degradation of bromothymol blue in acidic medium (pH 

4.0 to pH 6.0). Photo-catalytic degradation of bromothymol blue could be achieved in 1 

hour with 100 mg dm
-3

 dosage of 0.8% Ru-TiO2. 
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Chapter 4 

________________________________________________________ 

Ba-ZnO nanoparticles for photocatalytic degradation of 

chloramphenicol 

________________________________________________________ 

4.1 Introduction 

The total amount of water present on earth is about 1.4 x 10
9
 km

3
, from which only 

1.3 x 10
7 

km
3 

corresponds to drinking water [1]. The ground water and surface water 

contaminated by the industrial waste water, irrigation runoff, chemical spills, commercial 

operations that contain many non-biodegradable substrates that are harmful to the humankind 

and also significant threat for flora and fauna of the environment [2-6]. So far, it is difficult 

to treat these organic contaminants by usual conventional and biological treatment techniques 

[7].  

The general importance of Advanced oxidation processes (AOPs) discussed in 

chapter 2 (p.34).  

The ZnO nanoparticles have been extensively applied in the field of photocatalytic 

mineralization [8].  ZnO is believed to be a good substitute to TiO2 (3.2 eV), due to their 

broad energy gap (3.3 eV), low cost, greater efficiency, stability with a high excitation 

binding energy and ecofriendly. The above characteristics make the material very attractive 

and potentially useful for a wide range of applications. Its photodegradation mechanism 

similar to that of Titanium dioxide. In recent years, ZnO or doped-ZnO nanoparticles are 

synthesized by various methods [8]. 

Decorating ZnO with impurity/dopant (transition metal ions) improves the optical, 

electrical, magnetic properties by changing its electronic structure and showing other 

enhancement in the different application like photoreaction and photocatalytic activity. These 

transition metal ions not only serve as trapping sites, but also reduce charge re-combination 

and facilitate interfacial electron transfer process that in turn enhances the surface reactivity. 

Doping also induces the widening of wavelength from UV to the visible-range     [9-10]. 

 Now-a-days, antibiotics and public care products are largely discharged into the water 

bodies without proper treatment. This causes a threat to the ecosystem and human health.  

Chloramphenicol (CLP) belongs to tetracycline family of antibiotics and commonly known 
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as Chloromycetin [11]. CLP is believed to be proto-typical wide range spectrum antibacterial 

agent [12], hence, it can be used to cure an variety of microscopic organisms causing illness 

[13]. These antibiotics enter the public waste water streams due to incomplete metabolism of 

antibiotics dosage in the human body [14]. 

O2N

OH

HN

O

OH

Cl

Cl

 

Chemical Structure of Chloramphenicol (CLP) 

 

4.2 Experimental  

4.2.1 Chemicals and methods  

Analar grade CLP was procured from Sigma-Aldrich, Bangalore. It was used as 

received without additional purification. A suitable quantity of sample was dissolved in 

deionized water to prepare stock solution of CLP. The Zn(NO3)2 
.
 4H2O, NaOH and                    

Ba(NO3)2 procured from HIMEDIA. The acetate, phosphate, and borate buffers were 

prepared to maintain pH during reaction condition, all reagents and chemicals were used are 

analytical grade.  

The instruments used were already discussed in chapter-2 and p.no. (36-40) 
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4.2.2 Photocatalyst preparation 

For synthesizing undoped and copper doped ZnO nanoparticles, known quantity of 

zinc nitrate salt was dissolved in deionized water to prepare 0.1M zinc nitrate solution and 10 

mg dm
-3

 of sodium dodecyl sulphate (surfactant) was added to control particle size, and 

serves as a capping agent during preparation of zinc nitrate solution [15]. 0.1M NaOH 

solution was added to Zn(NO)3 solution. NaOH was added drop wise for 3 hrs with constant 

stirring at the rate 1000 RPM. The nanoparticles were formed and settle for overnight. The 

suspension was decanted carefully, the residual was washed and filtered several time with 

distilled water then washed with ethanol to remove other contaminants. The nanoparticles 

were dried in an oven at 120 
0
C for 3 hrs then powder is grounded in a mortar then calcined 

at 500 
0
C for about 1 hr in a muffle furnace (with a heating rate about 10 

0
C per minute). 

During the drying process, complete transformation of zinc hydroxide to Zinc oxide takes 

place. The same procedure was followed to synthesize 5% Ba doped ZnO nanoparticles the 

only difference was the addition of 0.1M barium nitrate solution in zinc nitrate solution. The 

barium concentration was 5 (% mole ratio). The barium when doped with ZnO nanoparticles 

it enters in to the interstitial position of ZnO lattice. Similar literatures were earlier reported 

[16, 17]. 

4.2.3 The Photocatalysis Process 

To study the photocatalytic degradation of CLP, a required quantity of CLP and 

buffer mixture was kept in a pyrex beaker. A dose of 0.10 g dm
-3

 of 5% Ba-ZnO nano 

particles was added. Before illumination, the suspensions were stirred for 60 min in dark 

place to reach adsorption and desorption equilibrium between CLP and photocatalyst. Then, 

it was transferred in to the photoreactor and then kept under 8 W UV lamps (Philips) with a 

wavelength peak at 254 nm and of 4mW/cm
2
 intensity with continuous magnetic stirring.    

After every 10 minutes interval the solution was taken out and centrifuged at 5000 rpm for 5 

min. The decrease in the concentration of CLP was monitored at 278 nm (ε = 27471 dm
3
 

mol
-1

 cm
-1

) using visible spectrophotometer (a CARY 50 Bio UV-Visible 

Spectrophotometer) and the degree of mineralization was studied as shown in Fig. 4.1. 
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Fig. 4.1. UV–Visible spectral changes during the degradation of Chloramphenicol at 25 

˚C, [CLP] = 3.00 x 10
-5

 mol dm
-3

, pH = 5.0, 5% Ba-ZnO = 0.10 g dm
-3

 and light intensity 

4 mW/cm
2
. 
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4.3 Results and discussion 

4.3.1 Comparison of different photocatalysts  

The degree of mineralization of CLP with UV, UV- ZnO, and UV- 5% Ba-ZnO was 

reported. It is seen that the mineralization efficiency of CLP with UV- 5% Ba-ZnO was most 

efficient than UV and UV-ZnO as shown in Fig. 4.2. 

Influence of barium doping on ZnO was investigated by using 5% (mole ratio) of 

barium, higher content of barium may facilitate efficiently separating charge carrier and 

hindered the recombination of e
- 
- h

+
 pairs and this increases the photocatalytic efficiency. 

The photodegradation rate was maximum with 5% Ba-ZnO compared with UV and UV-ZnO. 

Hence, further studies were carried out with 5% Ba-ZnO. 

The % degradation activity of CLP was performed under identical conditions with 

UV, UV-ZnO, and UV- 5% Ba-ZnO and % adsorption in dark was also determined. The % 

mineralization of CLP in 100 minutes was given in Fig. 4.3. 

4.3.2 Characterization of ZnO and 5% Ba-ZnO 

4.3.2.1 X-ray Diffraction Studies (XRD) 

To study the crystal-size and phase purity of prepared laboratory photocatalysts, the 

samples were identified using XRD.  XRD spectra of 5% Ba-ZnO, are shown in Fig. 4.4. The 

intense sharp peak indicates that the synthesized nanoparticles were crystalline in nature. The 

appearance of (100) (002) (101) (102) (110) (103) (200) and (112) diffraction peaks at 

different lattices at angle 2 𝜭 (20-90 0) indicate hexagonal wurzite structure.  

The sharp peak of 101 indicates that the enlargement of nano crystal has taken-up 

along the easy route of crystallization of zinc oxide [18]. The XRD peaks confirmed no 

significant impurity present in the prepared samples. 

The broadening of the wurzite main intense peak (101) was used, to determine the 

crystallite size of prepared nanoparticles, using Scherrer equation (1), it was estimated that 

the average grain size of 5% Ba-ZnO samples is about 35.20 nm (± 3).                         

                                         D =  
0.94 𝜆

𝛽 cos 𝛳
               (1) 

Where “D = average crystalline diameter, 𝜆 = wavelength in angstrom, β = is the line 

width at half–maximum and 𝜭 = Bragg’s angle”. 
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 Fig. 4.2. Rate constants for the Photocatalytic degradation of CLP by various 

treatments at 25 ˚C, [CLP] = 3.00 x 10
-5

 mol dm
-3

, pH = 5.0, 5% Ba-ZnO = 0.10 g dm
-3

 

and light intensity = 4 mW/cm
2
. 
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Fig. 4.3. % degradation efficiencies of various treatment methods with time at 25 
0
C. 

5% Ba-ZnO = 0.10 g dm
-3

, [CLP] = 3.00 x 10
-5 

mol dm
-3

, at pH = 5.0 and light intensity 

= 4 mW/cm
2
. 
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Fig. 4.4. XRD patterns of 5% Ba-ZnO 
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4.3.2.2   Scanning Electron Microscope (SEM)  

The SEM analysis of ZnO and 5% Ba-ZnO was done to study the surface morphology 

(Fig. 4.5 a and Fig. 4.5 b). It shows that 5% Ba-ZnO nanoparticles are irregular shape and 

size. This irregular shape the surface area of the nanoparticles is very high [18].  

4.3.2.3 Transmission Electron Microscope (TEM) 

TEM images shows that Ba doped ZnO nanoparticles were agglomerated with non-

uniformly distributed having barrel shaped crystalline structures as shown in Fig. 4.6 a and 

Fig. 4.6 b. diffusion of small black spots observed were assumed as Ba atoms on ZnO 

nanoparticles with approximately 15.00 - 20.00 and 25.00 - 30.00 nm in width and length 

dimension respectively. It is confirmed that the synthesized nanoparticles crystal dimension 

is nearer to that of data extracted from XRD results for ZnO nanoparticles. 

4.3.2.4 Energy Dispersive X-ray Spectroscopy (EDX) 

In order to study elemental composition of prepared nanoparticles EDX - analysis 

was done which shown in Fig. 4.7 a and Fig. 4.7 b (ZnO and 5% Ba-ZnO). The EDX 

spectrum reveals that existence of Zn, O and Ba at 8.630, 0.525 and 4.464 keV 

correspondingly. The % composition of Zn, O and Ba is 71.26, 23.95 and 4.78 respectively, 

It is evident from elemental composition that 4.78% barium is present in 5 (mol %) Ba-ZnO 

nanoparticles.  

4.3.3 Effect of Photocatalyst Dosage 

The rate of photocatalytic degradation of CLP was studied using  different amount of 

a 5% Ba-ZnO photocatalyst ranging from 0.025 g dm
-3

 to 0.250 g dm
-3

 whilst [CLP] and 

pH=5.0 were kept constant. The rate of photo-degradation increases with increase in the 

quantity of photocatalyst up to limiting value 0.10 g dm
-3

, beyond 0.10 g dm
-3 

the rate of 

photo-degradation decreases (Table 4.1 and Fig. 4.8). This behavior might be due to increase 

in amount of photocatlayst increases the exposed surface area of photocatalyst which in turn 

increases the active centers on photocatalyst. Consequently, which produces more number of 

∙OH radicals eventually these radicals involve in reaction to increase the rate of 

photocatalytic reaction. But after limiting value (0.10 g dm
-3

) increase in amount of 

photocatalyst increases the turbidity of the CLP suspension, thus it prevents UV-light to 

reach the photocatalyst. Hence, the rate of photo-degradation decreases [19]. 
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Fig. 4.5. Sem micrographs of a) ZnO, and b) 5% Ba - ZnO. 

 

a) 

 

 

b) 
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Fig. 4.6. TEM micrographs of (a&b) 5% Ba – ZnO 

 

a) 

 

 

 

b) 
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Fig. 4.7. EDX analysis of a) Pure ZnO b) 5% Ba-ZnO 
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Table 4.1. Effect of different amounts of 5% Ba-ZnO photocatlyst on the degradation of 

CLP at [CLP] = 3.00 x10
-5 

mol dm
-3

, at pH=5.0, light intensity = 4 mW/cm
2 

 

Photocatalyst Amount of 5% Ba-ZnO(g dm
-3

) 
k obs x 10

3
  

(min
-1

) 

 

5% Ba-ZnO 

 

0.025 12.30 

0.050 21.10 

0.100 35.00 

0.150 27.60 

0.200 20.20 

0.250 11.90 
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Fig. 4.8. Effect of different amounts of 5% Ba-ZnO photocatlyst on the degradation of 

CLP at [CLP] = 3.00 x 10
-5 

mol dm
-3

, at pH=5.0, light intensity = 4 mW/cm
2 

(Conditions are stated in Table 4.1   (p.114)) 
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4.3.4 Effect of [CLP] 

The rate of photocatalytic degradation of CLP was studied by taking different [CLP] 

from 5.00 x 10
-6

 to 5.00 x 10
-5 

mol dm
-3 

by keeping other reaction conditions constant. It has 

been experimentally investigated that initially increase in the [CLP], the rate of 

photocatalytic degradation increases till [CLP] = 3.00 x 10
-5 

mol dm
-3

. Further increase in 

[CLP], decreases the rate of photocatalytic degradation as shown in Table 4.2 and Fig. 4.9. 

This was due to, as the [CLP] increases, plenty of drug molecules are adsorbed on the active 

centers of the photocatalyst surface, hence effective degradation takes place. But after 

limiting value (3.00 x 10
-5 

mol dm
-3

) the CLP itself acts as a filter for the light. Hence, the 

photons can’t reach the photocatalyst surface and thus, the rate of photocatalytic degradation 

decreases [2027-22]. 

4.3.5 Effect of.pH 

The pH normally influences the adsorption capacity of the adsorbent in aqueous 

medium by altering the surface properties of adsorbent. The effect of pH on the rate of photo 

degradation of CLP was studied by varying the pH from 5.0 - 9.0, while keeping other 

reaction conditions constant. The rate of photo-catalytic degradation of CLP (Pka =5.5) was 

higher in the pH range 5.0 - 6.0 and lower in the pH range 7.0 - 9.0 as shown in Table 4.3 

and Fig. 4.10. This increase in the rate of photocatalytic degradation may be due to the fact 

that in acidic medium the photocatalytic surface is positively charged (PZC=6) and it 

adsorbs more partial negatively charged CLP ions hence, effective collision between CLP 

and Ba-ZnO photocatalyst takes place so rate of degradation is maximum at pH 5.0 -6.0.  

On the contrary in alkaline medium the OH
–
 ions accumulate on the surface of 

photocatalyst making it negatively charged and CLP is also negatively charged in alkaline 

medium. Hence, the electrostatic repulsion between CLP ion and photocatalyst takes place 

leading to decrease rate of photodegradation at pH 7.0 to 9.0. This observation is in line with 

the earlier report [23]. 
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Table 4.2. Effect of [CLP] on photocatalytic rate constants with 5% Ba-ZnO at 25 
o
C, 

[Ba-ZnO] = 0.10 g dm
-3

, at pH=5.0, light intensity = 4mW/cm
2 

 

Photocatalyst [CLP] x 10
5
 mol dm

-3
 

k obs x 10
3 

(min
-1

) 

 

 

5% Ba-ZnO 

 

 

 

0.50 07.70 

1.00 18.10 

2.00 27.40 

3.00 34.70 

5.00 30.00 
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Fig. 4.9. Effect of [CLP] on photocatalytic rate constants with 5% Ba-ZnO at 25 
o
C, 

[Ba-ZnO] = 0.10 g dm
-3

, at pH=5.0, light intensity = 4mW/cm
2 

(Conditions are stated in Table 4.2   (p.117)) 
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Table 4.3. Effect of pH on the rate constant of photocatalytic degradation of CLP with 

5% Ba-ZnO at 25 
o
C, [Ba-ZnO] = 0.10 g dm

-3
, [CLP] = 3.00 x 10

-5
 mol dm

-3
, light 

intensity = 4mW/cm
2
 

Photocatalyst pH 
k obs x 10

3 

(min
-1

) 

5% Ba-ZnO 

 

5.0 34.70 

6.0 30.00 

7.0 28.10 

8.0 26.50 

9.0 20.30 
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Fig. 4.10.   Effect of pH on the rate constant of photocatalytic degradation of CLP with 

5% Ba-ZnO at 25 
o
C, [Ba-ZnO] = 0.10 g dm

-3
, [CLP] = 3.00 x 10

-5
 mol dm

-3
, light 

intensity = 4mW/cm
2 

 

 (Conditions are stated in Table 4.3   (p.119)) 
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4.3.6 Effect of UV Lamp Distance 

To study the rate of photocatalytic degradation of CLP at different UV light intensity 

the distance of UV lamp is varied from the surface of the mixture. It is observed that an 

increase in UV intensity of light increases the rate of photocatalytic degradation of CLP, as 

depicted in Table 4.4. and Fig. 4.11. This is due to the fact that, as the light intensity 

increases, the amount of Ba doped ZnO nanoparticles excitation also increases, hence, more 

e
-
 - h

+
 pairs are generated consequently the h

+
 degrade the CLP moiety adsorbed on the 

photocatalyst surface and oxidize to carbon dioxide and water. This results in the effective 

demineralization. 
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Table 4.4. CLP degradation under different UV intensities CLP with 5% Ba-ZnO at 25 

o
C, [Ba-ZnO] = 0.10 g dm

-3
, [CLP] = 3.00 x 10

-5 
mol dm

-3
, at pH = 5.0. 

 

Photocatalyst Light Intensity (mW/cm
2
) k obs x 10

3
 (min

-1
) 

 

5% Ba-ZnO 

 

4 12.20 

5 19.20 

6 23.50 

7 29.10 

8 34.30 
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Fig. 4.11. CLP degradation under different UV intensities CLP with 5% Ba-ZnO at 

25 
o
C, [Ba-ZnO] = 0.10 g dm

-3
, [CLP] = 3.00 x 10

-5
 mol dm

-3
, at pH = 5.0. 

 (Conditions are stated in Table 4.4   (p.122)) 
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4.3.7 Proposed Reaction Mechanism 

 The reaction mixture containing CLP and buffer was kept in beaker. A dosage of 0.1g 

dm
-3

 5% Ba-ZnO nanoparticles were added. Then, Post-illumination the suspensions were 

agitated at the black for 1 hr to accomplish adsorption-desorption equilibrium b/n the CLP 

and photocatalyst. Then, it was kept into the photo-reactor having 8 W UV lamps (Philips) 

with a wavelength peak at 254 nm and of 4 mW/cm
2
 intensity with continuous magnetic 

stirring. Then the reaction blend was set aside for one day and the products of CLP were 

analyzed by Agilent quadru-pole 6130 series HPLC system. For HPLC examination 0.1% 

formic acid, acetonitrile be used as a solvent with a run rate 1.2 cm
3 

min
-1

. This was 

continued using Column-Atlantis C18 (50 x 4.6mm-5μm) dual model as shown in Fig 4.12. a 

and 4.12. b. Chloramphenicol MS fragmentation indicates no degradation of the molecule 

under this experimental conditions. In conclusion, only one major product is obtained at (m/z 

=150). The observed product reveals that only one plausible pathway for the degradation of 

chloramphenicol oxidation. The proposed mechanism shows in Scheme 4.1. 

O2N

OH

HN

OH

O

Cl

Cl

OH OH

m/z 152 (m+2; 100%)

OH

HN

OH

O

Cl

Cl

m/z = 279 (m+1; 20%)

OH

NH2

OH

m/z = 212 (m+2; 6%)

O2N

m/z = 325 (m+2)

OH

N
H

m/z = 150 (m+1, 100%)

NH2

O

m/z = 150 (m+1, 100%)

(aziridin-2-yl)(phenyl)methanol

2-phenyloxetan-3-amine

1-phenylpropane-1,3-diol
 

 



125 
 

Fig. 4.12. LC/MS spectra of CLP oxidation products 

 

a) Total ion chromatogram

 
 

b) Mass spectrum of reaction product m/z 150 
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4.4 Conclusion 

Pure and Ba doped ZnO nanoparticles were synthesised by chemical precipitation 

method. The average particle size of 5% Ba-ZnO (24.50 to 35.00 nm) exhibited excellent 

achievable photocatalytic mineralization of CLP in the acidic condition (pH 5.0). The XRD 

patterns shows prepared nanoparticles were wurzite structure. The EDX and TEM 

topography shows that the existence of Ba in ZnO.  Under optimum conditions, over 92% 

photocatalytic degradation of CLP was achieved in 100 min using 5% Ba-ZnO photocatalyst. 
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Chapter 5 

______________________________________________________ 

Cu-ZnO nanoparticles for photocatalytic degradation of 

methyl orange 

______________________________________________________ 

5.1 Introduction 

Air and Water contamination are the two major problems affecting the natural 

surroundings due to waste pollutants generated by households and industries. 

Detoxification and cleansing of water and air has become the main centre of today’s 

scientific study. The major origin of air and ground-water contamination is the industrial 

recalcitrant (present in minute quantity), extreme disposal of pesticides, domestic waste 

landfills and fertilizers (agrochemicals). These non-degradable organic contaminants are 

not efficiently treated by biological treatment methods or conventional treatment methods 

[1].  

Textile industries generate huge amount of colour recalcitrant which are 

hazardous and non-bio-degradable. These colouring matter generate several ecological 

problems by discharging poisonous and destroying materials into the water system [2]. 

Heterogeneous photocatalysis believed to have considerable potential for appliances 

relating the eradication of untreated recalcitrant’s.  In this method, when photocatalyst 

particles are exposed by suitably energetic illumination (< 388 nm) e
- 

– h
+
 pairs are 

generated. This e
- 
– h

+
 pair move to the surface of photocatalyst and reacts with adsorbed 

dye molecules to form CO2 and H2O [3-4]. However the major disadvantage of the 

heterogeneous photo-catalysis is quick re-combination of the e
-
 - h

+
 pair. To avoid 

recombination of e
-
 - h

+
 pair the metal oxides are doped with d-block elements such as 

Ru, Pt, Ag, Cu etc., which decrease the band gap as well as enhance the charge separation 

of photocatalyst [5]. 

The general importance of Advanced oxidation processes (AOPs) discussed in 

chapter 2 (p.34), and Zinc Oxide (ZnO) photocatalyst discussed in chapter 4 (p.102). 

In this paper we report, photocatalytic degradation of reactive synthetic dye 

methyl orange (M.O.) using 2% Cu doped ZnO photocatalyst synthesized by inexpensive 

simple precipitation method. Synthesized nano-crystals were analysed by analytical 

techniques viz. X-ray diffraction (XRD), Scanning electron microscope (SEM), and 

Energy dispersive X-ray spectroscopy (EDX). The photo-degradation efficiency, kinetics 
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as well as rate constants related to the catalyst concentration, pH, substrate variation, and 

intensity variation on 2% Cu-ZnO were investigated. 

N

N

S

O

O

O
-
Na

+N

 

  

Chemical Structure of Methyl Orange (M.O) 

 5.2 Experimental  

 5.2.1 Materials and methods  

The reagent grade Methyl orange (M.O.) is procured from Sigma-Aldrich 

(Bangalore) and is directly used without any further treatment. A known concentration of 

M.O. stock solution is prepared during experiment. Zn(NO3)2 ∙ 6H2O, NaOH and                 

Cu(NO3)2 procured from HIMEDIA. To maintain pH of the medium acetate, phosphate, 

and borate buffer solutions were prepared. All reagents used were of analytical grade. 

The instruments used were already discussed chapter-2 and p.no. (36-40) 

5.2.2 Photocatalyst preparation 

For synthesizing un-doped and copper doped ZnO, known quantity of zinc nitrate 

salt was added to deionized water to prepare 0.1M zinc nitrate solution. Similarly, 0.1 M 

NaOH solutions are prepared separately. NaOH was added drop-drop with steady stirring 

thoroughly to zinc nitrate solution for 3 hrs.  The resultant mixture was allowed to settle 

for overnight and suspension was then decanted carefully, the residual suspension was 

filtered and cleaned number of times with deionized water then followed with ethanol. 

The white residue was dehydrated in oven at 120 
0
C for 3 hrs. Then powder is crushed in 

a mortar then ignited at 500 
0
C for about 1 hr by maintaining temperature gradient of 

about 10
0 

C per minute within a furnace. During the drying process, complete 

transformation of Zn(OH)2 in to ZnO takes place. The same procedure was followed for 

the synthesis of 1%, and 2% Cu - ZnO nanosized particles, while, the copper 

concentration was maintained at 1% and 2% (mole ratio). Copper when doped with ZnO 

nanoparticles it enters into the interstitial position of ZnO lattice. Similar literature was 

also reported earlier study [6].  
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5.2.3 The Photocatalysis Process 

To observe the photocatalytic degradation of M.O., a known quantity of M.O and 

buffer solution was kept in a Pyrex beaker. Doses of 0.10 g dm
-3

 of 2% Cu-ZnO 

nanoparticles were added. Before illumination the suspensions were allowed for 1 hr in 

dark to reach equilibrium adsorption and desorption between M.O and photocatalyst. 

Then, it was transferred in to the photoreactor and then kept under 8 W UV lamps 

(Philips) with a wavelength peak at 254 nm and of 4mW/cm
2
 intensity with continuous 

magnetic stirring. After every 10 minutes the solution was taken out and centrifuged at 

5000 rpm for 5 min. The decrease in the concentration of CLP was monitored at 464 nm 

(ε = 29933 dm
3
 mol

-1
 cm

-1
) using UV-visible spectrophotometer (a CARY 50 Bio UV-

Visible Spectrophotometer) and the degree of degradation was studied as shown in      

Fig. 5.1. 

5.3 Results and discussion 

5.3.1 Comparison of different photocatalysts. 

The degree of photocatalytic efficiency of M.O with UV, UV-ZnO, UV- 1% Cu-

ZnO and UV- 2% Cu-ZnO was reported. It was seen that the degradation efficiency of 

M.O with UV- 2% Cu-ZnO was more potential than UV, UV-ZnO and UV- 1% Cu-ZnO 

as shown in Fig. 5.2.  

Influence of copper doping on ZnO was examined by using 2% (mole ratio) of 

copper, higher content of copper may favours separating charge-carriers effectively and 

hindered the re-combination of e
- 
- h

+
 pairs. Hence, enhances the photocatalytic activity.  

The photo degradation rate was maximum with 2% Cu-ZnO compared with UV and UV-

ZnO, and UV-1% Cu-ZnO hence, further studies were carried out with UV-2% Cu-ZnO. 

The % degradation efficacy of M.O was examined under similar environment by 

UV, UV-ZnO, UV-1% Cu-ZnO and UV-2% Cu-ZnO and % adsorption in dark was also 

investigated. The % degradation activity of M.O was found to be 40%, 50%, 63%, and 

90% with UV, UV-ZnO, UV-1% Cu-ZnO and UV-2% Cu-ZnO respectively within 100 

minutes as shown in as shown in Fig. 5.3. 
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Fig. 5.1. UV–visible spectral changes during the degradation of Methyl Orange at 25 

± 0.2˚C,[M.O] = 2.00 x 10
-5

  mol dm
-3

 ,  pH = 4.0,  2% Cu-ZnO = 0.10 g dm
-3

, light 

intensity 4 mW/ cm
2

 

  Time (1) 00.00 min (2) 15.00 min (3) 30.00 min (4) 45.00 min 

(5) 60.00 min (6) 75.00 min (7) 90.00 min 
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Fig. 5.2. Rate constants for the Photocatalytic degradation of M.O. by various 

treatments at 25 ˚C, [M.O] = 2.00 x 10
-5

 mol dm
-3

, pH = 4.0, 2% Cu-ZnO = 0.10 g 

dm
-3

, light intensity 4 mW/ cm
2
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Fig. 5.3. % degradation efficiencies of various treatment methods with time at 25 
0
C. 

[Photocatalyst] = 0.10 g dm
-3

, [M.O] = 2.00 x 10
-5 

mol dm
-3

 at pH 4.0 and light 

intensity 4 mW/cm
2
. 
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5.3.2 Characterization of ZnO and Cu-ZnO 

5.3.2.1 X-ray Diffraction Studies (XRD) 

XRD spectra of un-doped and copper doped zinc oxide (Zn 1-x CuxO, where 

x=0.00-0.02) nanoparticles at 600 
0
C temperature as shown in Fig. 5.4. The intense sharp 

peak confirmed that the synthesized samples were crystalline in nature with hexagonal -

wurtzite structure. It can be confirmed by the appearance of [100] [002] [101] [102] [110] 

[103] [200] and [112] diffraction peaks from different lattices at angles 2𝜭 (10-90 0). The 

intense peak of [101] indicates that the expansion of nano-crystal has taken place along 

the easy route of crystallisation of zinc oxide [7]. No additional peaks were observed 

which implies that the wurzite-structure is not disrupted by Cu-doped ZnO. This indicates 

that prepared zinc oxide nanoparticles were hexagonal wurzite structure.  

The mean particle sizes of synthesized nano-particles were computed by Debye Scherrer 

equation (1) taking full width half-maxima of A (101) intense line.  

𝑫 = 𝒌𝝀/𝜷𝒄𝒐𝒔𝜭               (1) 

Where “k = dimension less shape factor (0.94), Cu (Kα) = wavelength radiation of X-ray 

(0.154 nm).  β = full width at half max. θ = 1/2 diffraction angle”. The particle size of 

ZnO, 1% Cu-ZnO, and 2% Cu-ZnO was found to be 18.76, 38.45 and 41.12 nm 

respectively. 

5.3.2.2 Scanning Electron Microscope (SEM)  

To study the topography of prepared samples, the SEM analysis of pure ZnO, 1% 

and 2% Cu-ZnO nanoparticles are carried out at similar magnifications (15000).  This 

image confirms the arrangement of Cu-ZnO nanoparticles. These images show that the 

non-uniform distribution of nearly egg-shaped arrangement in clusters to form a pointer 

as shown in Fig. 5.5 a, Fig. 5.5 b, Fig. 5.5 c.  

5.3.2.3 Transmission Electron Microscope (TEM)  

TEM images show the heterogeneously dispersed aggregates of Cu-ZnO 

nanoparticles having oval in shape crystalline structures which can be clearly observed in 

(Fig. 5.6). Tiny dark dots seen in TEM were recognized as Cu particles dispersed on ZnO 

nanoparticles with a particle size of approximately 10.00-15.00nm in breadth and 40.00-

45.00nm in length. The crystallite size of the synthesized nanoparticles observed in TEM 

image was close to the values obtained from XRD.  
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Fig. 5.4. XRD patterns of (a) Undoped ZnO, (b) 1% Cu-ZnO (c) 2% Cu-ZnO 
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Fig. 5.5. SEM Images of (a) Undoped ZnO, (b) 1% and (c) 2% Cu-ZnO 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

5.6. TEM micrographs of 2% Cu/ZnO 
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5.3.2.4 Energy Dispersive X-ray Spectroscopy (EDX) 

 To study the composition of prepared nanoparticles of 1% and 2 % Cu-ZnO, 

EDX analysis was done. Spectra shows that the existence of only 3-distinct X-ray spectral 

lines which are related with O Kα, Cu Kα, and Zn Kα. The atomic % of 1% Cu-ZnO,    

Zn = 30.17, O = 68.76 and Cu = 1.07 and for 2% Cu-ZnO, Zn = 26.71, O = 71.32 and            

Cu = 1.97 respectively. The spectral peaks suggest that presence of Zn, O, and Cu in the 

prepared nano crystals indicating no other impurity in prepared samples by the simple 

precipitation method as shown in Fig. 5.7 a and Fig. 5.7 b. 

5.3.3 Effect of Photocatalyst Dosage 

  
The rate of photocatalytic degradation was studied taking various amounts of 2% 

Cu-ZnO from 0.025 g dm
-3

 to 0.250 g dm
-3

 and keeping other parameters constant. It is 

observed that initially, when amount of photocatalyst increased, the rate of photo-

degradation increases as shown in Table 5.1 and Fig. 5.8 But, when the amount of 

photocatalyst exceeds the optimum amount (0.10 g dm
-3

) the photo-degradation 

efficiency decreases. This behaviour may be due to increase in the amount of active 

centres on photocatalyst. In-turn the rate of radical formation increases. Hence, 

photocatalytic rate of reaction increases initially. Whereas, at higher amount of 

photocatalyst above 0.10 g dm
-3

, led to increase in the turbidity of the M.O. solution, as a 

result the light can’t reach the photocatalyst surface due to masking effect. Hence, 

decrease in the rate of photo-degradation was observed [8]. 

5.3.4 Effect of [M.O.] 

Rate of photocatalytic degradation of M.O. was studied by altering the [M.O.] 

from 0.50 x 10
-5

 to 5.00 x 10
-5

 mol dm
-3

 and keeping other parameters constant. The 

degradation rate of M.O. was initially increases with increase in the [M.O.]. After 2.00 x 

10
-5

 mol dm
-3

 limiting value, increase in [M.O.] leads to decrease in the rate constant 

(Table 5.2 and Fig. 5.9). It is due to fact that the more number of active centres on the 

semiconductor photocatalyst existing initially for reaction which is incredibly vital for the 

degradation of M.O., but as the M.O concentration increased above 2.00 x 10
-5

 mol dm
-3

 

the suspension became more turbid and covers the photocatalyst surface. Hence, the light 

entering the solution decreased there by only less number of photons strikes the surface of 

photocatalyst leading to limited formation of OH
. 
and O2

-.
 radicals. Even at higher [M.O.] 

the path length was further condensed and the photo-degradation was insignificant [9].  
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Fig. 5.7. EDX of (a) 1% and (b) 2% Cu-ZnO 
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Table 5.1. Effect of different amounts of 2% Cu-ZnO photocatalyst on the 

degradation of M.O. at [M.O.] = 3.00 x 10
-5 

mol dm
-3

, at pH=4.0, light intensity = 

4mW/cm
2 

 

Photocatalyst 
Amount of 

Photocatalyst (g dm
-3

) 
k obs x 10

3 
(min

-1
) 

 

 

 

2% Cu-ZnO 

 

 

 

 

0.025 9.00 

0.050 11.00 

0.100 15.40 

0.150 10.20 

0.200 8.50 

0.250 07.6 
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Fig. 5.8. Effect of different amounts of 2% Cu-ZnO photocatalyst on the 

degradation of M.O. at [M.O.] = 3.00 x 10
-5 

mol dm
-3

, at pH=4.0, light intensity = 

4mW/cm
2 

 

(Conditions are stated in Table 5.1   (p.140)) 
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Table 5.2. Effect of of [M.O.] on photocatalytic rate constants with 2% Cu-ZnO at 

25 
o
C, [ Cu-ZnO] = 0.10 g dm

-3
, at pH=4.0, light intensity = 4mW/cm

2 

 

Photocatalyst [M.O] x 10
5
 (mol dm

-3
) k obs x 10

3 
(min

-1
) 

 

2% Cu-ZnO 

 

0.5 8.00 

1.0 12.40 

2.0 14.12 

3.0 11.08 

5.0 8.09 
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Fig. 5.9. Effect of of [M.O.] on photocatalytic rate constants with 2% Cu-ZnO at 25 

o
C, [2% Cu-ZnO] = 0.10 g dm

-3
, at pH=4.0, light intensity = 4mW/cm

2 

 

(Conditions are stated in Table 5.2   (p.142)) 
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5.3.5 Effect of pH 

The degree of photocatalytic reaction rate was examined by altering the pH from 

4.0 to 9.0, and keeping other reaction conditions constant. Initially, it was observed that 

with increase in pH of the solution the rate of reaction also increases. Further, increase in 

pH, (pH > 6.0) the rate of photocatalytic degradation starts decreasing as shown in Table 

5.3 and Fig. 5.10. This behaviour may be explained on the basis of charge properties of 

adsorbent and adsorbate. The Pka value of M.O is 3.8 [9].  In acidic medium below pH 

6.0 the surface of a photocatalyst acts as a positive surface where as dye molecule act as a 

negative ion, hence strong electrostatic force of attraction leads to strong adsorption and 

consequent degradation takes place hence the rate of photocatalytic degradation increases. 

Whereas above pH 6.0 the photocatalyst surface acts as a negative surface and dye 

molecule also acts as negatively charged. Hence, the electrostatic repulsion between two 

negatively charged species takes pace. Thus, the rate of degradation of M.O decreases at 

higher pH value [10].  

5.3.6 Effect of UV Lamp Distance 

 Effect of intensity of light on the degradation of rate constant of M.O. was 

observed by differing UV lamp distance from the target. It is observed that an increase in 

UV intensity of light increases the rate of photocatalytic degradation of M.O  as depicted 

in Table 5.4 and Fig. 5.11. This is due the fact that, as UV- light-intensity increases the 

amount of photons hitting per unit area of the photocatalyst (2% Cu-ZnO) also increases. 

Subsequently, plenty of e
-
 - h

+
 pairs are generated, consequently the h

+
 mineralize the 

M.O. molecules adsorbed on the photocatalyst surface and oxidise to  carbon dioxide and 

water. This results in effective degradation of MO [11].  

5.3.7 Efficacy of reusable catalyst 

The 2% Cu-ZnO nano-crystals used  in the photocatalytic degradation was taken 

out and centrifuged at 2000 RPM, then it is washed a number of times with deionised 

water and followed by ethanol, then evaporated moisture in a hot oven (30-40 
0
C) then 

taken out the white solid crushed in a mortar. Then, photocatalyst was used for next 

succeeding photocatalytic treatment, the marginal change after repetitive use of photo-

degradation efficiency was observed [12-13].  
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Table 5.3. Effect of pH on the rate constant of photo catalytic degradation of M.O. 

with 2% Cu-ZnO at 25 
o
C, [Cu-ZnO] = 0.10 g dm

-3
, [M.O.] = 3.00 x 10

-5 
mol dm

-3
, 

light intensity = 4mW/cm
2
 

 

 

Photocatalyst pH kobs x 10
3
 (min

-1
) 

 

2% Cu-ZnO 

 

4.0 12.84 

5.0 9.80 

6.0 8.51 

7.0 7.80 

8.0 6.60 
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Fig. 5.10.   Effect of pH on the rate constant of photo catalytic degradation of M.O. 

with 2% Cu-ZnO at 25 
o
C, [Cu-ZnO] = 0.10 g dm

-3
, [M.O.] = 3.00 x 10

-5 
mol dm

-3
, 

light intensity = 4mW/cm
2
 

 

 (Conditions are stated in Table 5.3   (p.145)) 
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Table 5.4. M.O. degradation under different UV intensities M.O. with 2% Cu-ZnO 

at 25 
o
C, [Cu-ZnO] = 0.1 g dm

-3
, [M.O.] = 3 x 10

-5 
mol dm

-3
, at pH = 4. 

 

  

Photocatalyst 
Light intensity 

(mW/cm
2
) 

k obs x 10
3
 (min

-1
) 

2% Cu-ZnO 

4 7.90 

5 8.80 

6 9.51 

7 10.08 

8 12.10 
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Fig. 5.11. M.O. degradation under different UV intensities M.O. with 2% Cu-ZnO at 

25 
o
C, [Cu-ZnO] = 0.10 g dm

-3
, [M.O.] = 3.00 x 10

-5 
mol dm

-3
, at pH = 4.0. 

 

(Conditions are stated in Table 5.4   (p.147)) 
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5.4 Conclusion 

Chemical precipitation method was used to prepare pure and Cu-ZnO 

nanoparticles. The XRD patterns and SEM topography shows that prepared nanoparticles 

were wurzite structure. The EDAX analysis shows that presence of Cu in ZnO. The 

average particle size of 2% Cu-ZnO (20.0 to 35.0 nm) exhibited excellent achievable 

photocatalytic degradation of M.O. in the acidic condition (pH 4.0). It was found that 2% 

Cu-ZnO shows the highest potential for degradation of methyl orange compare to ZnO 

and 1% Cu-ZnO.  
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Chapter 6 

________________________________________________________ 

Ag-TiO2 nanoparticles for photocatalytic degradation of 

sparfloxacin 

6.1 Introduction 

Contamination of ground water and surface water due to industrial organic 

contaminant creates several threats to flora and fauna in the ecosystem [1]. The existence of 

such contaminants in the ecosystem increases the environmental pollution. Degradation of 

such pollutants becomes the necessary to minimize the pollution. Use of semiconductor 

photocatalysts activated by UV-light or visible light has attracted attention as they potentially 

degrade the organic contaminants in water [234-5]. The important characteristic of 

photocatalytic reaction is it can work at ambient conditions, without producing any side 

products [6].  

The general importance of Titanium dioxide (TiO2) discussed in chapter 1 (p.12-13) 

and Advanced oxidation processes (AOPs) discussed in chapter 2 (p.34).   

Sparfloxacin (SPF) belonging to fluoroquinolone homologous series. It is potent 

antibiotic widely used for the treatment of  bacterial infections such as corneal ulcer in case 

of eye infection. It is active towards broad range of Gram positive and Gram negative 

microorganisms like Streptococcus pneumoniae, Staphylococcus aureus. 

 

 

Chemical Structure of Sparfloxacin (SPF) 
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In the present work, to enhance the photocatalytic activity of TiO2. Liquid 

Impregnation (L.I.) method was used to synthesize Ag-TiO2 nanoparticles. These 

nanoparticles characterized by the analytic techniques such as X-Ray Diffraction (XRD), 

Scanning Electron Microscope (SEM), Energy Dispersive X-ray Spectroscopy (EDX) and 

Transmission Electron Microscopy (TEM). Photocatalytic efficiency of these prepared 

nanoparticles was studied on SPF in water environment examining different conditions such 

as initial substrate concentration, pH, catalyst loading and intensity of UV light.  

6.2 Experimental 

6.2.1 Chemicals and methods 

Analar grade Sparfloxacin (SPF) procured from Dr. Reddy’s laboratory.  It is used as 

received without additional purification. A suitable quantity of sample is dissolved in 

deionized water to prepare stock solution of SPF. The TiO2 (Anatase) procured from Sisco 

Research Pvt. Ltd. Mumbai. AgNO3 was procured from HIMEDIA. Acetate, phosphate, and 

borate buffers were prepared to maintain pH during reaction condition, all reagents and 

chemicals were used were analytical grade. 

The instruments used were already discussed in chapter-2 and p. no. (36-40) 

6.2.2 Synthesis of photocatalyst 

Liquid Impregnation Method (LI) 

Ag-TiO2 (anatase) nanoparticles were prepared by LI method. Slurry of TiO2 was 

prepared by adding 500 mg TiO2 in 100 ml double distilled water. The silver nitrate solution 

of 1% and 2 % (molar ratio) was added to the slurry. The resulting slurry was thoroughly 

mixed by vigorous stirring and allowed to settle at room temperature over night. The liquid 

so obtained was dried in an oven at 100 
0
C for 12 hrs to get rid of any remaining moisture. 

The nanoparticles resulting from this step was calcined at 500 
0
C for 3 hrs in a muffle 

furnace to get silver doped TiO2 nanoparticles [7-8]. 

6.2.3 The Photocatalysis Process 

To examine the photocatalytic degradation, a known concentration of SPF solution 

and buffer was taken in a Pyrex beaker. Doses of 100 mg dm
-3

 of 2% Ag-TiO2 nanoparticles 

were added. Then, it was transferred in to the photoreactor and then kept under 8 W UV 

lamps (Philips) with a wavelength peak at 254 nm and of 4mW/cm
2 
intensity with continuous 

stirring. After every 15 minutes interval the solution was taken out and centrifuged at 5000 
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rpm for 5 min. The degradation of centrifuged solution was measured at 290 nm (ε = 21913 

dm
3
 mol

-1
 cm

-1
) using UV visible spectrophotometer (a CARY 50 Bio UV-Vis 

Spectrophotometer (Varian BV, The Netherlands)) and the degree of mineralization was 

studied as shown in Fig.  6.1.  

6.3 Results and discussion 

6.3.1 Effect of silver doping 

Effect of silver doping on anatase TiO2 was studied by changing the percentage of 

silver from 1% to 2% (mole ratio) an increase in the content of silver leads to decrease in the 

particle size and increase in the photocatalytic activity as shown in Fig. 6.2. Smaller particle 

size increases surface area and higher content silver may also favor separating charge carriers 

efficiently, inhibiting the recombination of electron - hole pairs, and thus increasing the 

photocatalytic activity [9]. The rates of photocatalytic degradation of SPF by prepared 

photocatalysts were compared and it was observed that the degradation effect of SPF 

treatment with UV/ 2% Ag-TiO2 was more efficient than other three treatments namely UV, 

UV/TiO2 and UV/1% Ag-TiO2. The % degradation efficiency of SPF was studied under same 

conditions with UV, UV/TiO2, UV/1% Ag-TiO2 and UV/2% Ag-TiO2 and % adsorption in 

dark was also determined. The % degradation efficiency of SPF was found to be 43%, 58%, 

75% and 90% with UV, UV/TiO2, UV/1% Ag-TiO2 and UV/2% Ag-TiO2 respectively within 

100 minute as shown in as shown in Fig. 6.3. The photo degradation rate was highest with 

2% Ag-TiO2  hence, further studies were carried out with 2% Ag-TiO2. 
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Fig. 6.1. UV–Visible spectral changes during the degradation of SPF at 25 ˚C,          

[SPF] = 0.875 x 10
-5

 mol dm
-3

,   pH = 5.0, 2% Ag-TiO2 = 0.20 g dm
-3

 and light intensity 4 

mW/cm
2
. 

Time (1) 0.00 min (2) 15.00 min (3) 30.00 min (4) 45.00 min 

(5) 60.00 min (6) 75.00 min (7) 90.00 min 

 

 

 

 

  

1 

2 

3 

4 

5 

6 

7 



156 
 

 

 

Fig. 6.2.  % degradation efficiencies of various treatment methods with time at 25 ˚C, 

[SPF] = 0.875 x 10
-5

 mol dm
-3

,   pH = 5.0, 2% Ag-TiO2 = 0.20 g dm
-3

 and light intensity 4 

mW/cm
2
. 

 

 

 

  

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100 120

D
e

gr
ad

at
io

n
 e

ff
ic

ie
n

cy
 (

%
)

Time (min-1)

Adsorption in 
dark
UV

UV-TiO2

UV-1% Ag-TiO2



157 
 

Fig. 6.3. Rate constants for the Photocatalytic degradation of SPF by various treatments 

at 25 ˚C, [SPF] = 0.875 x 10
-5

 mol dm
-3

, pH = 5.0, 2% Ag-TiO2 = 0.20 g dm
-3

 and light 

intensity 4 mW/cm
2
. 
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6.3.2 Characterization TiO2 and Ag-TiO2 

6.3.2.1 X-ray Diffraction Studies (XRD) 

Identification of crystal phase of prepared nanoparticles was done using X-ray 

diffractometer (Fig. 6.4). The 2θ values indicate that the major phase of all the synthesized 

nanoparticles is anatase. Scherrer equation was applied to anatase main peak to calculate the 

average crystallite size of synthesized nanoparticles as shown in Table 6.1. The crystallite 

size of TiO2 is of 17.00 nm while the crystallite size of 1% Ag-TiO2 is 14.17 nm, 2% Ag-

TiO2 13.07. Our results are in agreement with earlier work [10], where 15.00 nm to 37.00 nm 

of Ag-TiO2  nanoparticles sizes were reported. 

6.3.2.2 Scanning Electron Microscope (SEM)  

The Synthesized nanoparticles morphology, size and shape were analyzed using SEM 

(Fig. 6.5 (a) and Fig. 6.5 (b)). The resulting SEM images indicate that the Ag  nanoparticles 

distributed unevenly TiO2 to form non-uniform aggregates, which results in a high surface 

area. Our results were in line with previous work [11].  

6.3.2.3 Transmission Electron Microscope (TEM) 

Figures. 6.6 (a) and 6.6 (b) shows the TEM images of synthesized nanoparticles, 

which indicates that the Ag doped TiO2 nanoparticles were cylindrical in structure and 

heterogeneously dispersed  formed aglomerization. The small dark spots observed on TiO2 

surface is presumed as Ag particles. Where the particle size of prepared nanoparticles were 

about 10.00 - 15.00 nm in breadth and 40.00 - 45.00 nm in length. The resulting crystal size 

of the prepared nanoparticles in line with XRD results. 

6.3.2.4 Energy Dispersive X-ray Spectroscopy (EDX) 

The elemental analyses of prepared nanoparticles were analyzed using EDX, which 

depicted in Fig. 6.7 (a) and Fig. 6.7 (b). It shows that the only three peaks, it is presumed to 

be due to Ti and O with little amount of Ag that increases with increase number of loading. 

Ag L peak was found but peak of Ag K cannot be detected because low electron accelerating 

voltage was applied [12]. The peaks from the spectra indicates that the presence of Ti, O and 

Ag at 4.508, 0.525 and 2.983 keV respectively. The atomic % of Ti, O and Ag is 77.51, 

20.49 and 2.00 respectively. This composition of Ti, O and trace amount of Ag, which leads 

to better photocatalytic activity.  
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Fig. 6.4.  XRD patterns of a) Undoped TiO2,  b) 1% Ag - TiO2  and    

c) 2% Ag - TiO2     
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Table 6.1. Crystal size of undoped and Ag doped TiO2 nanoparticles from Scherrer 

equation 

 

 

Sr. No Particles Particle size (nm) 

1 Un doped TiO2 17.00 

2 1% Ag-TiO2 14.17 

3 2% Ag-TiO2 13.07 
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Fig. 6.5.  SEM micrographs of a) Undoped TiO2,  b) 1% Ag - TiO2  and    

c) 2% Ag - TiO2   

 

a)  

 

 

b)  
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c) 
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Fig. 6.6. TEM micrographs of (a & b) 2% Ag/TiO2 

 

 

 

 

a) 

 
 

b) 
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Fig. 6.7. EDX analysis of a) 1% and b) 2% Ag-TiO2 

 

a) 

 

 

 

 

 

 

 

 

 

 

b) 
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6.3.3 Effect of Photocatalyst Dosage 

 To examine the influence of amount of catalyst, disparate quantity of catalyst is used 

from 0.05 g dm
-3

 to 0.50 g dm
-3

 while keeping [SPF] and pH = 4.0 constant. It has been 

observed that initially the rate of photo degradation increases up to 0.25 g dm
-3

, beyond 0.25 

g dm
-3

 the rate of reaction almost constant (Table 6.2 and Fig. 6.8). This may be due to the 

fact that as the amount of semiconductor was increased in the initial state, the exposed 

surface area of the semiconductor photocatalyst also increases but after this limiting value 

(0.25 g dm
-3

) any increase in the amount of semiconductor photocatalyst increases the 

turbidity of the solution and thus masks photocatalyst from UV irradiation for the reaction to 

proceed, and therefore degradation starts decreasing [13]. 

6.3.4 Effect of [SPF] 

The influence of variation of SPF concentration was studied by taking different 

concentration of SPF from 0.350 x 10
-5

 to 3.500 x 10
-5 

mol dm
-3 

by keeping other condition 

constant. It has been observed that initially increase in the concentration of SPF the rate of 

photo-catalytic degradation increases, reaching maximum value [SPF] = 0.875 x 10
-5             

mol dm
-3

 further increase in concentration resulted in decrease in the rate of photo-catalytic 

degradation as shown in Table 6.3 and Fig. 6.10. It may be due to the fact that, as the 

concentration of the drug increased, more number of drug molecules are available for 

degradation hence the rate of degradation increases. But at concentration above 0.875 x 10
-5 

mol dm
-3

 the drug acts as a filter for the incident light, thus decreasing in the rate of 

photocatalytic degradation [14]. 

6.3.5 Effect of pH 

The pH normally influences the adsorption capacity of the adsorbent in aqueous 

medium by altering the surface properties of adsorbent. The effect of pH on the rate of photo 

degradation of SPF was studied by varying the pH from 5.0 - 9.0, while keeping other 

reaction conditions constant. The rate of photo-catalytic degradation of SPF was higher in 

the pH 5.0 and lower in the pH range 6.0 - 9.0 as shown in Table 6.4 and Fig. 6.11. This 

increase in the rate of photocatalytic degradation may be due to the fact that in acidic 

medium the photocatalytic surface is positively charged and it adsorbs more negatively 

charged ions hence, effective collision between drug and catalyst takes place so rate of 

degradation is maximum at pH 5.0.  
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Table 6.2. Effect of different amount of 2% Ag-TiO2 photocatalyst on the degradation 

of SPF at 25 
0
C, [SPF] = 0.875 x10

-5  
mol dm

-3
, at pH = 5.0, light intensity = 4 mW/ cm

2
. 

 

Photocatalyst 
Amount of photocatalyst        

(g dm
-3

) 

 

kobs (min
-1

) 

 

 

 

 

           

           2% Ag-TiO2 

0.05 
 

0.01238 

 

0.10 
 

0.01568 

 

0.15 
 

0.02194 

 

0.25 
 

0.03145 

 

0.35 
 

0.02449 

 

0.50 
 

0.02390 
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Fig. 6.8. Effect of different amount of 2% Ag-TiO2 photocatalyst on the degradation of 

SPF at 25 
0
C, [SPF] = 0.875 x10

-5 
mol dm

-3
, at pH = 5.0, light intensity = 4 mW/ cm

2
. 

 

 (Conditions are stated in Table 6.2 (p.166)) 
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Table  6.3. Effect of  [SPF] on photocatalytic rate constants with  with 2% Ag-TiO2 at 25 

o
C, [Ag-TiO2] = 0.20 g dm

-3
, at pH=4.0, light intensity = 4 mW/ cm

2
.  

 

Photocatalyst [SFC] x 10
5 

(
 
mol dm

-3
) 

 

k obs (min
-1

) 

 

2% Ag-TiO2 

 

0.350 

 

0.0083 

 

0.525 

 

0.0110 

 

0.875 

 

0.0310 

 

1.400 

 

0.0106 

 

2.500 

 

0.0105 

3.500 

 

0.0095 
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Fig. 6.9. Effect of [SPF] on photocatalytic rate constants with 2% Ag-TiO2 at 25 
o
C, [Ag-

TiO2] = 0.20 g dm
-3

, at pH=4.0, light intensity = 4 mW/ cm
2
.  

 

(Conditions are stated in Table 6.3   (p.168)) 
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Table 6.4. Effect of pH on the rate constant of photocatalytic degradation of SPF with 

2% Ag-TiO2 at 25 
o
C, [Ag-TiO2] = 0.20 g dm

-3
, [SPF] = 0.875 x 10

-5 
mol dm

-3
, light 

intensity = 4 mW/cm
2
. 

 

Photocatalyst pH 

 

k obs (min
-1

) 

 

 

 

 

           

 

 

           

            2% Ag-TiO2 

5.0 

 

0.0314 

 

6.0 

 

0.0197 

 

7.0 

 

0.0144 

 

8.0 

 

0.0102 

 

9.0 

 

0.0093 
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Fig. 6.10. Effect of pH on the rate constant of photocatalytic degradation of SPF with 

2% Ag-TiO2 at 25 
o
C, [Ag-TiO2] = 0.20 g dm

-3
, [SPF] = 0.875 x 10

-5 
mol dm

-3
, light 

intensity = 4 mW/cm
2
. 

 (Conditions are stated in Table 6.4   (p.170)) 

 

 

 

 

 

 

 

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

4.0 5.0 6.0 7.0 8.0 9.0 10.0

k 
o

b
s

(m
in

-1
)

pH



172 
 

On the contrary in alkaline medium the OH
–
 ions accumulate on the surface of 

photocatalyst making it negatively charged and SPF is also negatively charged in alkaline 

medium. Hence, the repulsion between SPF ion and photocatalyst takes place leading to 

decrease rate of photodegradation at pH 6.0 to 9.0. This observation is in line with the earlier 

report [15].    

6.3.6 Effect of UV lamp distance  

Effect of UV light intensity on the degradation of SPF was studied by varying the 

distance of UV lamp from the target. The results are reported in Table 6.5 and Fig. 6.12. It is 

observed, that, an increase in light intensity increased the rate of photocatalytic degradation. 

This is due to the fact that increase in UV light intensity excites higher number of Ag-TiO2 

nanoparticles there by generating higher number of electron hole pairs. The holes decompose 

the SPF molecules adsorbed on the surface of Ag-TiO2 particles and oxidize it to water 

resulting in their efficient degradation [16]. 

6.4 Conclusion  

LI method was used to prepare 1% and 2% Ag-TiO2 nanoparticles. The resulting Ag-

TiO2 (17.00 to 13.07 nm) nanoparticles having better potential towards the mineralization of 

SPF in acidic medium (pH 4.0). The XRD analysis shows that the prepared Ag doped TiO2 

nanoparticles were anatase in crystal phase. TEM and EDX analysis shows that the presence 

of Ag in TiO2. Under optimal conditions, over 90% photocatalytic degradation of SPF was 

achieved in 100 min using 2% Ag-TiO2 photocatalyst. 
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Table 6.5. SPF degradation under different UV intensities SPF with   2% Ag-TiO2 at 

25 
o
C, [Ag-TiO2] = 0.20 g dm

-3
, [SPF] = 0.875 x 10

-5  
mol dm

-3
, at pH=5.0.  

  

Photocatalyst Light intensity (mW/cm
2
) 

 

k obs (min
-1

) 

 

 

 

 

           

 

 

           2% Ag-TiO2 

4 

 

0.0314 

 

5 

 

0.0361 

 

6 

 

0.0421 

 

7 

 

0.0458 

 

8 

 

0.0511 
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Fig. 6.11. SPF degradation under different UV intensities SPF with   2% Ag-TiO2 at 

25 
o
C, [Ag-TiO2] = 0.20 g dm

-3
, [SPF] = 0.875 x 10

-5 
mol dm

-3
, at pH=5.0, light intensity 

= 4 mW/cm
2
. 

 (Conditions are stated in Table 6.5   (p.173)) 
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Chapter 7 

Kinetics and mechanism of uncatalyzed and 

palladium (II)-catalyzed oxidation of lomefloxacin by 

permanganate in acidic medium. 

7.1 Introduction 

In synthetic, analytical and organic chemistry permanganate is extensively employed 

as an oxidizing agent (acidic, alkaline or neutral medium) [1-2]. The reaction mechanism not 

only dependent upon permanganate it also depends upon pH of the reaction medium [3]. 

Oxidation via permanganate ion gets an importance in the organic synthetic field after the 

invention of phase transfer catalytic reactions [4-5]. Since, from five decades permanganate 

widely used as disinfectants in untreated water treatment [6]. Variable oxidation states of 

permanganate facilitate the oxidation of the organic compounds hence it has strong oxidation 

behavior in the neutral, acidic and basic medium [7-8]. 

Pharmaceuticals are used for the treatment of dieseases to maintain good health of 

human being [9-10]. Amongst pharmaceuticals, containing antibacterial has been considered 

as emerging contaminants [11]. They have the potential of adverse impact on the 

environment and also on human health [12-13]. The large fraction clinically prescribed a 

dose of fluoroquinolones goes into the local sewage water due to partial digestion in the 

animal body. It is the main route for the passage of such clinical drug contaminated with the 

regular water system.  Fluoroquinolones have been distinguished in civil sewage in the range 

of µgm dm
-3

 to nano g dm
-3

 [14].  

The general importance of antibacterial agent lomefloxacin, in particular, is discussed 

in chapter 1(p.5) and chapter 2 (p.34). 

 In most of the literatures reveal that Pd
2+ 

used as a catalyst the as in the form PdCl2  

[151617-18]. The reaction mechanism involving Pd
2+ 

depends on the oxidant and substrate used.  

The Pd
2+

 usually forms an activated complex with substrate molecule before forming the 

final products [19-20].  
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An earlier study reported that the existence of micro amount of Pd
2+ 

catalyst in acidic 

or basic medium becomes facilitates the reaction faster [21-22]. Hence, we carried out the 

detail study of kinetics and mechanism of oxidation of LMF with permanganate in presence 

of Pd
2+

 catalyst in acidic medium. 

7.2 Experimental 

7.2.1 Chemicals and Methods 

All the chemical reagents were used during the experiment were of analar grade. The 

stock solution of LMF (Dr. Reddy's Laboratory) was prepared by dissolving known amount 

of LMF in 100 ml of deionised water. The KMnO4 (MERCK Specialties Pvt. Ltd) solution 

was made and standardized by oxalic acid [23]. The PdCl2 (SD Fine Chem.) was made in 

0.20 mol dm
-3

 HCl and standardized with EDTA. NaClO4 of 2.9 mol dm
-3

 and HClO4 of 1.0 

mol dm
-3

 stock solution were prepared to maintain the acidic medium and ionic strength of 

0.5 mol dm
-3

 individually. 

7.2.2 Instruments -Used 

 (i) For the kinetic investigation, UV-Vis Spectrophotometer (CARY 50 Bio, Varian BV, and 

The Netherlands) with a temperature controller and HPLC framework (Agilent 1100 

arrangement, USA) were utilized.  

(ii) For product identification, Agilent 6130 Series Quadrupole LC/MS. Column-Atlantis 

C18 (50 x 4.6mm - 5μm) double mode was utilized  

(iii) For pH estimations Elico display LI 120 pH meter was utilized. 

7.2.3 Kinetic procedure 

The oxidation of LMF with permanganate was performed in pseudo first-order 

conditions, where LMF was taken in higher concentration than permanganate at 25 ± 0.2ºC. 

The reaction mixture was started with adding permanganate to the prior thermostated 

solutions. The reaction proceeds through a decrease in the Abs of permanganate @ 526 nm 

with time Fig. 7.1. The UV-Vis variation of spectra with the oxidation of LMF by 

permanganate in the presence of Pd
2+

 catalyst is 25˚± 0.2ºC are shown in Fig. 7.2.  
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Fig. 7.1.Verification of Beer’s law for [permanganate] at 526 nm in 0.50 mol dm
-3

 alkali 
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Fig. 7.2. UV-Visible spectral changes during the permanganate oxidation of 

lomefloxacin (LMF) at 25˚C 

 

Time (1) 0.50 min (2) 1.00 min (3) 1.50 min (4) 2.00 min (5) 2.50 min 

(6) 3.00 min (7) 3.50 min (8) 4.00 min (9) 4.50 min (10) 5.00min 
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The Beer’s law of permanganate was verified @ 526 nm and giving ε = 2283 ± 20 

dm
-3

.mol
-1

.cm
-1

 (literature ε = 2200 dm
-3

.mol
-1

 cm
-1

). It was observed that there is an 

insignificant effect from different species at this wavelength [14]. The graph was straight, at 

about 80% completion of the reaction in Pd
2+ 

catalyzed reaction (Fig. 7.3. and Table 7.1). 

The experimentally determined rate constants kobs were reproduced within ± 7% error, Table 

7.2., kobs value computed by plotting graph log Abs Vs. Time. The product analysis was 

finished done by HPLC system (Shimadzu noticeable quality) and Thermo Scientific Q-

Exactive HR-MS and Column-Thermo Scientific Hypersil Gold C18 (150 x 4.6mm-8μm). 

7.3 Results and discussion 

7.3.1 Stoichiometry and Product identification method 

A reaction mixture having a higher concentration of permanganate than LMF, HClO4 

of 0.10 mol dm
-3

, and total ionic strength 0.50 mol dm
-3 

was kept for reaction for 24 hrs at 25 

± 0.2 °C. The unreacted permanganate concentration was estimated after the reaction. The 

results revealed that 2.0 M of permanganate were used by 1.0 M of LMF in the presence of 

Pd
2+ 

catalyst, Scheme 1. 

HN

N

CH3

LMF

2 MnO4
-

+ H2O+
+ + CO2OH- 2 MnO2+ +NH3

LMF-P

O

OH

H2N

H2C

N

O

F

CH3

F

O

OH

N

O

F

F

H2C
CH3

Pd
2+

H
+

+ Other

Products

 

 

The reaction side products were determined. Ammonia tested by Nessler’s test [24], 

UV-Spectrum confirms the presence of Mn (VI) and the presence of CO2 by lime water test 

[25]. The reaction mixture containing LMF with higher [permanganate] with constant [H
+
] 

was kept in a flask. Then, the reaction mixture was stored for 1day and products of LMF 

were identified using HPLC (Agilent quadrupole 6130 series) and LC-MS spectra as shown 

in Fig. 7.4.  
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Fig. 7.3. First-order plots of oxidation of LMF by acidic permanganate at 25 
0
C          

[LMF] = 3.00 x 10
-3

 [H
+
] = 0.10 mol dm

-3
; I = 0.50 mol dm

-3
; [Pd

+2
] = 5.00 x 10

-8 
mol dm

-

3
, [Permanganate] =  x 10

-4 
mol dm

-3
 = (A) 0.5, (B) 1.0, (C) 2.0, (D) 3.0, (E) 4.0, (F) 5.0 

 (Conditions are stated in Table   7.2. (p.184)) 
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Table7.1. Example run for the Pd (II) catalyzed oxidation of lomefloxacin by 

permanganate at 25 
0
± 0.2°C in acidic medium 

[LMF] = 3.00 × 10
-3

 mol dm
-3

 [Permanganate] = 3.00 × 10
-4

 mol dm
-3

 [NaClO4] = 0.4 mol dm
-3

 

[H
+
] = 1.00 ×10

-3
 mol dm

-3
 [Pd

2+
] =5.00 × 10

-8 
mol dm

-3 

 

 

 

Time 

sec 

Optical 

density (A) 

At 526 nm 

     

[Permanganate] 

      mol dm
-3

 

 

0.00 0.6227 2.73 E-04 

5.00 0.4769 2.09 E-04 

10.00 0.3889 1.70 E-04 

15.00 0.3215 1.41 E-04 

20.00 0.2662 1.17 E-04 

25.00 0.2211 9.68E-05 

30.00 0.1822 7.98E-05 

35.00 0.1495 6.55E-05 

40.00 0.1228 5.38E-05 

45.00 0.0994 4.35E-05 

50.00 0.0806 3.53E-05 

55.00 0.0652 2.86E-05 

60.00 0.0534 2.34E-05 

65.00 0.0444 1.94E-05 

70.00 0.0380 1.66E-05 

75.00 0.0332 1.45E-05 

80.00 0.0291 1.27E-05 
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Table 7.2. Influence of variation of [Permanganate], [LMF] and [Perchlorate] on 

the rate of oxidation of lomefloxacin in acidic medium. I = 0.5 mol dm
-3

 at 25 
o
C. 

 

10
4
 

[MnO4
-
] 

(mol dm
-3

) 

10
3 

[LMF] 

(mol dm
-3

) 

10
1
 

[HClO4] 

(mol dm
-3

) 

10
1
 

[NaClO4] 

(mol dm
-3

) 

10
8 

[Pd
2+

] 

(mol dm
-3

) 

10
3 

kU
 

(s
−1

) 

10
3 

kT
 

(s
−1

) 

10
3 

kC 

s
−1

 

0.50 

1.00 

2.00 

3.00 

4.00 

5.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

4.00 

4.00 

4.00 

4.00 

4.00 

4.00 

5.00 

5.00 

5.00 

5.00 

5.00 

5.00 

1.33 

1.61 

1.23 

1.02 

1.56 

1.20 

2.37 

2.72 

2.31 

2.03 

2.64 

2.18 

1.04 

1.11 

1.08 

1.01 

1.08 

0.98 

3.00 

3.00 

3.00 

3.00 

3.00 

3.00 

0.20 

0.60 

1.00 

1.50 

2.00 

2.50 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

4.00 

4.00 

4.00 

4.00 

4.00 

4.00 

5.00 

5.00 

5.00 

5.00 

5.00 

5.00 

0.32 

0.73 

1.02 

1.12 

1.22 

1.40 

0.69 

1.26 

2.03 

2.95 

3.88 

4.51 

0.37 

0.53 

1.01 

1.83 

2.66 

3.11 

3.00 

3.00 

3.00 

3.00 

3.00 

3.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

0.05 

1.00 

2.00 

3.00 

4.00 

5.00 

4.50 

4.00 

3.00 

2.00 

1.00 

0.00 

5.00 

5.00 

5.00 

5.00 

5.00 

5.00 

0.76 

1.02 

1.45 

2.01 

2.41 

2.81 

1.48 

2.03 

2.83 

3.96 

4.66 

5.22 

0.72 

1.01 

1.38 

1.95 

2.25 

2.41 
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Fig. 7.4 LC/MS spectra of lomefloxacin oxidation products   

(a)Total ion chromatogram (TIC) 

 

 

 

 

 

(b) Mass spectrum of reaction product m/z 269. 
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7.3.2 Reaction order 

 During the experiment either of [permanganate]/ [LMF] / [Pd
2+

] is varied, whilst all 

other experimental conditions are kept constant.
 
A graphical method was used to determine 

reaction order by plotting log k’obs vs. log C the slope of gives the order of reaction.  

7.3.3 Dependence on permanganate 

To study the order of the permanganate, the [Permanganate] was varied from 

5.00 x 10
-5 

mol dm
- 3

 to 5.00 x 10
-4 

mol dm
-3 

with constant  [LMF] = 3.00 x 10
-3 

mol 

dm
-3

,  Pd (II) = 5.00 x 10
-8  

mol dm
-3

,  I = 0.5 mol dm
-3

. The plot of log [Abs] v/s Time 

was linear as depicted in Fig. 7.3. With R
2
> 0.900 (un-catalyzed) and R

2 
> 0.9516; k’obs as 

depicted in Table 7.2. It shows the first order dependence w. r. t. Permanganate.  

7.3.4 Dependence of [LMF] 

To examine the rate of reaction of LMF. The [LMF] was varied from 2.00 × 10
−4                        

mol dm
- 3 

to 2.50 × 10
−3 

mol dm
-3 

 with fixed [LMF], [Pd
+2

],  and Ionic strength. It 

shows that increase in [LMF] increases the rate constant (k’obs) as depicted in Table 7.2. The 

graph of log k’obs vs. log [LMF] shows the fractional order i.e., 0.77 with R
2
> 0.985 for the 

catalyzed Pd
2+ 

reaction and (0.57) (R
2
> 0.966) for uncatalyzed reaction, as depicted in 

Figures. 7.5 a, 7.5 b and 7.5 c. The order w. r. t. LMF reveals that there is complex formation 

between permanganate and LMF. 

7.3.5 Dependence of [HClO4] 

To examine the dependence of [HClO4] on the reaction rate, the [HClO4] changed 

from 0.05 to 0.50 mol dm
-3 

by
 
keeping other parameters constant. The k obs (rate constant) 

increases with increases the [HClO4] as depicted in Table 7.2. The graph of log k’obs vs. log 

[HClO4] for Pd
2+

 catalyzed fractional order w. r. t. HClO4 i.e., 0.52 (R
2
> 0.961) and for un-

catalyzed reaction (0.53) (R
2
> 0.952) as depicted in Figures 7. 6 a and 7.6 b. 

7.3.6 Dependence on [Pd (II)] 

To examine the dependence of [Pd
2+

]
 

catalyst on reaction rates, the catalyst 

concentration changed from 1.00 × 10
-8 

mol dm
-3

 to 1.00 × 10
-7

 mol dm
-3

, keeping other 

conditions constant. The rate constant increases with increase in [Pd
2+

]. Graph of log k’obs vs. 

log [Pd
2+

] as depicted in Fig. 7.7. The order w. r. t. [Pd
2+

] was found to be fractional order i.e. 

0.58 (R
2
> 0.963). 
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Fig. 7.5. a) Order in [LMF] on the permanganate oxidation of lomefloxacin in aqueous 

acidic medium at 25 
0
C (Uncatalysed) [Permanganate] = 3.00 x 10

-4 
mol dm

-3
                   

[H
+
] = 0.10 mol dm

-3
; I = 0.50 mol dm

-3
. 

 (Conditions are stated in Table 7.2. (p.184)) 
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Fig. 7.5. b) Order in [LMF] on the permanganate oxidation of lomefloxacin in aqueous 

acidic medium at 25 
0
C (Pd 

2+ 
catalyzed). [Permanganate] = 3.00 x 10

-4 
mol dm

-3
              

[H
+
] = 0.10 mol dm

-3
; I = 0.50 mol dm

-3
; [Pd

+2
] = 5.00 x 10

-8
 mol dm

-3
. 

 (Conditions are stated in Table 7.2. (p.184)) 
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Fig. 7.5. c) The first order plots for rate constants catalyzed, uncatalysed and total 

reaction plot of   kobs Vs   [LMF] 

 (Conditions are stated in Table 7.2. (p.184)) 
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Fig. 7.6. a) Order in [H
+
] on the permanganate oxidation of lomefloxacin in aqueous 

acidic medium at 25 
0
C (Uncatalysed) [LMF] = 1.00 x 10

-3
; [Permanganate] = 3.00 x 10

-4 

mol dm
-3

; I = 0.50 mol dm
-3

. 

 (Conditions are stated in Table 7.2. (p.184)) 
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Fig. 7.6. b) Order in [H
+
] on the permanganate oxidation of lomefloxacin  in aqueous 

acidic medium at 25 
0
C (Pd 

2+ 
catalyzed) [LMF] = 1.00 x 10

-3
;                         

[Permanganate] = 3.00 x 10
-4 

mol dm
-3

; [pd
+2

] = 5.00 x 10
-8

;  I = 0.50 mol dm
-3

. 

 (Conditions are stated in Table 7.2. (p.184)) 
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 Fig. 7.7. Influence of variation of [Pd
2+

] on the rate of oxidation of lomefloxacin in 

acidic medium at 25 
o
C. [Permanganate] = 3.00 x 10

-4
; [LMF] = 1.00 x 10

-3
;                

[H
+
]= 0.10 mol dm

-3
; I = 0.50 mol dm

-3
. 

(Conditions are stated in Table 7.2. (p.184)) 
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7.3.7 Dependence of ionic strength (I) 

 The rate of reaction of ionic strength was studied by changing [NaClO4] from 0.1 to 

1.0 mol dm
-3

 with constant permanganate, LMF and Pd
2+

 catalyst concentration. It shows 

that, no effect of ionic strength on the rate of reaction. This implies the reaction taken place 

between two neutral species or neutral and charged species [26]. 

7.3.8 Dependence of relative permittivity (D) 

The dependence of relative permittivity (D) was examined by altering the volume of 

T-butanol with H2O in the ratio of 1:10. While other conditions are kept constant. The results 

reveal that insignificant influence on the reaction rate [27-28]. 

7.3.9 Dependence of initially added products 

Permanganate-ion concentration altered from 0.50 × 10
-4 

mol dm
-3 

to 3.50 × 10
-4 

mol 

dm
-3 

at constant [LMF], [HClO4], [Pd
2+

] and ionic strength. The results were found that 

originally present permanganate ions have doesn’t dependence on the k’obs (rate constant). 

The Rate equation is given below. 

Rate =
−d[MnO4

−]

dt
= k[MnO4

−]1[LMF]0.77 [H+]0.53  [Pd2+]0.58  − − − −(2)
 

7.3.10 Polymerization study 

The involvement of free radical in the reaction was investigated by adding 

acrylonitrile in an inert atmosphere for 8-hrs. Then, methanol is added to reaction mixture, 

there will be no development of white ppt this implies no appearance of free radicals [29]. 

7.3.11 Dependence of temperature 

           The rate of reaction of LMF was investigated at four different temperatures by altering 

[LMF] and fixed other conditions. It shows that the rate constants (k'obs) were enhanced when 

temperature increase from 15 
o
C to 45 

o
C as appeared in Table 7.3. 

By using Arrhenius equation, thermodynamic activation parameters are calculated. 

The activation energy (Ea) 48.66 ± 2.0 kJ mol
-1 

(R
2
> 0.975) un-catalyzed reaction and 39.75 

± 2.0 kJ mol
-1 

(R
2
> 0.983)   with catalyst.  The rate of reaction measured from the graph 

 (log k’obs Vs. 1/T)  as depicted in Figures 7.8 a and 7.8 b and  ΔH
#
, ΔS

#
, ΔG

# 
activation 

parameters are given in Table 7.4. 
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Table 7.4. a) Effect of temperature b) Activation parameters for the uncatalyzed and Pd 

(II) catalyzed oxidation of LMF by permanganate in aqueous acidic medium 

 

(a) Effect of temperature 

Temperature 

(Kelvin) 
10

3 
kU s

-1
 10

3 
kC s

-1
 

288 0.84 1.61 

298 1.23 3.44 

308 2.92 5.10 

318 5.35 8.01 
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(b) Activation parameters 

 

Activation parameters 
Values 

(Uncatalyzed) 

Values 

Pd(II) catalyzed 

Ea (kJ mol
-1

) 48.66 ± 2.00 39.75 ± 2.00 

∆H
#
(kJ mol

-1
) 45.82 ± 2.00 37.23 ± 2.00 

   ∆S
#
 (JK

-1
 mol

-1
) -145.06 ± 1.00 -168.14 ± 1.00 

∆G
#
 (kJ mol

-1
) 88.18 ± 1.00 86.25 ± 1.00 
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Fig. 7.8. a) Influence of variation of Temperature on the rate of oxidation of 

lomefloxacin in acidic medium (Uncatalyzed).  [Permanganate]= 3.00 x 10
-4 

mol dm
-3

;                   

[H
+
] = 0.10 mol dm

-3
; I = 0.50 mol dm

-3
. 

 (Conditions are stated in Table   7.4. (p.194)) 
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Fig. 7.8 b) Influence of variation of Temperature on the rate of oxidation of 

lomefloxacin in acidic medium (Pd
2+ 

catalyzed). [Permanganate]= 3.00 x 10
-4

;                       

[H
+
] = 0.10 mol dm

-3
; I = 0.50 mol dm

-3
; [pd

+2
] = 5.00 x 10

-8 
mol dm

-3
. 

 

 (Conditions are stated in Table 7.4. (p.194)) 
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7.3.12 Catalytic activity 

Moelwyn–Hughes stated that [13] in both the uncatalyzed and catalyzed reaction 

progresses parallel. Hence, 

kt = ku + Kc[Pd+2]x − − − −(3) 

 Where kt , ku, catalyzed and uncatalyzed rate constants. Kc, and x Michaels constant 

and order of the reaction relating to Pd
2+

. Present investigation, x value < unity (0.58). 

Afterward, the results of Kc can be computed using the equation. The average value of Kc 

for the reaction was found to be 20 ± 2.0. 

Kc =
[kt − ku]

[Pd(II)]𝑋
 =

kc

  [Pd(II)]0.58  
               Where kt − ku = kc − − − −(4) 

 

7.3.13 Proposed reaction pathway 

The reactivity of permanganate species depends on the order of [H
+
] in the reaction 

media, the permanganate ions will form permanganic acid and the order w. r. t. [H
+
] < 1. It is 

a most powerful oxidant than permanganate ion. At a very low pH when the rate of reaction 

attains limiting value then the protonation is almost complete, specifying that only the 

protonated form i.e. permanganic acid is active in the reaction mixture. The following 

equation shows the acid-permanganate equilibrium. 

H
+

+ MnO4
-

K1
HMnO4

-----(5)
 

The significance of the equilibrium constant for protonation of permanganate, i.e. K1 

reported as 3.05 x 10
2
 dm

3
 mol

-1
 at 25˚C. The result of K1 is also in concurrence with pKa 

result of HMnO4, as reported earlier [30,31]. In fast step, the intermediate product of the 

LMF decomposes to give the major product LMF-P and other by-products, Scheme 2. 
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Scheme 2 Proposed mechanism for Pd
2+

 catalyzed the oxidation of lomefloxacin by acidic 

Permanganate 
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The UV-Visible spectra of LMF (2.00×10
-3 

mol dm
- 3

)and Pd
2+

 (1.00 × 10
-8 

mol dm
-3

) 

mixture reveal that hypsochromic shift (i.e., 287 - 283 nm) of 4 nm variation, which gives the 

spectroscopic confirmation for the complex formation. The complex formed between LMF 
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and catalyst depicted by Michaelis-Menten plot. Which also elucidate the order with respect 

to [LMF], < 1.  The formation of a complex in line with previous work [32]. 

LC/MS spectrum was used to analyze the major reaction product (LMF-P). LMF 

containing piperazine moiety where the amino group is substituted. Hence the loss of 99 

daltons in the mass of LMF and due to amino group substitution increases the mass of 16 

daltons. Therefore, the resultant mass difference between LMF (M.W. =351) and LMF-P 

(M.W. =268). The oxidation LMF by MnO2 in the presence TiO2 photocatalysis was reported 

with same oxidation product [33-34]. The oxidation mechanism of LMF by heptavalent 

manganese in acidic media is given Scheme 2, the proposed that there is the complete 

exclusion of piperazine moiety by –NH2 from LMF and ammonia transforms into ammonium 

ion (NH4 
+
 ions) by the oxidation. This result was formerly reported with ciprofloxacin and 

norfloxacin [17,35]. 

As stated in schemes 1 and 5: 

          𝑅𝑎𝑡𝑒 =
−d[MnO4

−]

dt
= k Complex C [HMnO4] 

= 𝑘 K1K2[LMFf] [Pd+2]f[MnO4
−] [H+]     − − − −(1) 

The Total concentration of [MnO4
−]T  is given by, 

[MnO4
−]T =  [MnO4

−]f + [HMnO4] + [Complex C] 

=[MnO4
−]f + K1[H+] [MnO4

−]f + K1K2 LMF [H+][MnO4
−]f 

=[MnO4
−]f 1 + K1[H+ + K1K2 LMF [H+]} 

 T and f refer to the total and free concentrations 

[MnO4
−]f =

[MnO4
−]T

1 + K1[H+] + K1K2[H+]  LMF 
− − − − − −(2) 

Similarly, 

[H+]T = [H+]f + [HMnO4] 

=[H+]f + K1[H+][MnO4
−] 

In view of lower concentration of[H+] in the second term can be neglected. Therefore, 

[H+]T = [H+]f − − − − − −(3) 

Similarily, 

[LMFT] = [LMFf] − − − − − −(4) 

Now, 

[Pd2+]T = [Pd2+]f +  Complex C  
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=[Pd2+]f + K2 LMF [Pd2+]f  

=[Pd2+]f  1 + K2 LMF   

[Pd2+]f =
[Pd2+]T

1 + K2 LMF 
 

Since the value of second term in the denominator is less than unity, it can be neglected.

Hence, the second term K2[LMF] can be neglected

Substituting the values of [MnO4
-
]f ,[LMF]f ,[H

+
]f  and [Pd

2+
]f  into Equation 1 and 

omitting the subscripts, we get,

Pd
2+

f = [Pd
2+

]T ----(5) 

Rate =

-d[MnO4
-
]

dt
=

k K1K2[MnO4
-
] [LMF] [H

+
][Pd

2+
]

1+K1[H
+
]+K1K2[H

+
][LMF]

Rate
=

k K1K2[MnO4
-
] [LMF] [H

+
][Pd

2+
]

1+K1[H
+
]+K1K2[H

+
][LMF]

= kC= kT - kU

The rate law  eqn.(7) can be rearranged into the following form

[Pd
2+

]

kC

=
k K1K2 [LMF] [H

+
]

1
+

k K2 [LMF]

1
+

1
k

[MnO4
-
]

-----(6)

-----(7)

-----(8)

 

To compute the activation energy, Arrhenius equation was employed. The plot (log k1 

Vs 1/T) was a straight line.  From the help of a graph, we calculated Ea, ∆S, ΔG and ΔH 

(values are shown in Table 7.4). The Ea is 39.75 ± 2.00 kJ mol
-1

 for oxidation in the presence 

of Pd
2+

 and 48.66±2.00 kJ mol
-1

 for un-catalyzed, ∆S is -168.14 ± 1.00 J K
-1

 mol
-1

 for Pd
2+

 

catalyzed oxidation and -145.06 ± 1.00 J K
-1

mol
-1

 for un-catalyzed, ΔG is 86.25 ± 1.00 kJ 

mol
-1

 for Pd
2+

catalyzed oxidation and 88.18 ± 1.00 kJ mol
-1

 for un-catalyzed and ΔH is 37.23 

± 2.00 kJ mol
-1

 for Pd
2+

 catalyzed oxidation and 45.82 ± 2.00 kJ mol
-1 

for un-catalyzed.   

The above estimations of ΔS demonstrate that higher -ve value shows that the 

development of stable activated complex, while ΔG and ΔH value is + ve, indicating move 

state is very solvated than the reactants states. The activation parameter demonstrates that 

Pd
2+

 forms the activated complex mere easily with catalyst [19-20]. The calculated activation 

parameter for both the reactions (catalyzed and un-catalysed) reveals the impact of catalytic 

action in the reaction. In presence of Pd
2+

 the direction of reaction alters by decreasing the 

activation energy. The existence of a catalyst provides a sufficient energy to reactants pass 

through the intermediate state and gives products [21]. 
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7.4 Conclusion  

The HMnO4 is most important reactive active species of permanganate. The oxidation 

of permanganate with LMF in an acidic medium was studied by spectrophotometric method.     

The role of hydrogen ion in the reaction is very important. The mechanism was illustrated 

with the reliable experimental investigation. The oxidation of LMF by Pd
2+ 

catalyst with 

permanganate is employed. Experimentally determined k for the reaction suggests Pd
2+

 

catalyzed reactions are about ten times greater than uncatalyzed reaction. It is evident that the 

role of the medium was a vital role for reaction.  In acidic medium, the rate of reaction of 

oxidation of LMF by permanganate is a slow reaction, but in presence of Pd
2+ 

catalyst, the 

rate of reaction is fast. The overall reaction order agreeable with the product. Based on 

observed results the reaction mechanism is proposed.  
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ABSTRACT

The photocatalytic activity of silver-doped TiO2 (Ag-TiO2) nanoparticles was studied by
photocatalytic degradation of lomefloxacin (LMF) using a photoreactor with a mercury lamp
(PHILIPS, TUV 8 W T5, Emax = 254 nm). The 1 and 2% silver-doped TiO2 nanoparticles were
synthesized by liquid impregnation (LI) method. The resulting nanoparticles were character-
ized by surface analytical methods such as X-ray diffraction (XRD), scanning electron micro-
scope (SEM), energy dispersive X-ray analysis and transmission electron microscope (TEM).
The study shows 2% Ag-TiO2 nanoparticles exhibited better results (95% degradation) in
1 h for the degradation of lomeofloxacin compared to 1% Ag-TiO2 and pure TiO2. XRD
analysis indicated that the crystallite size of TiO2 was 17.00 nm, while the crystallite size of
1% Ag-TiO2 and 2% Ag-TiO2 was 13.07 to 14.17 nm. TEM images show the particle size of
Ag-TiO2 nanoparticles were in the range 40–45 nm in length and 10–15 nm in breadth.
Pseudo-first-order rate constants were found to decrease with increase in pH. The effect of
UV intensity, catalyst dosage and initial concentration of LMF on the degradation rate were
also studied and elaborately discussed.

Keywords: Titanium dioxide; Liquid impregnation; Photocatalysis; Lomeofloxacin; AOP

1. Introduction

Advanced oxidation processes (AOPs) are tech-
niques designed for the degradation of harmful
organic contaminants which are resistant to conven-
tional and biological treatment methods. AOPs
depend on the generation of highly reactive radical
species such as OH� that decompose a number of

organic contaminants without being selective [1–3]
using chemical or light energy. The AOPs normally
involve a semiconductor photocatalyst activated by
UV or visible light resulting in partial or complete
mineralization of the organic molecules [4,5].

There are several studies related to the use of TiO2

in the photomineralization of pharmaceutical com-
pounds [6,7].

Titanium dioxide (TiO2), a metal oxide semicon-
ductor has been found to be one of the most*Corresponding author.
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effective photocatalysts due to its chemical structure,
biocompatibility, high efficiency low cost and optical
and electrical properties [8,9]. TiO2 has a band gap
of 3.2 eV that allows UV light to excite the valance
electrons into the conduction band leaving holes in
the valance band [10]. The high rate of electron–hole
recombination in TiO2, however, limits the efficiency
of the photocatalyst which can be prevented, to
some extent, by doping with noble metals such as
silver, gold, platinum [11]. The most important
advantage of the doping of silver on TiO2 is
improving the charge separation efficiency of the
TiO2. Moreover, the antibacterial action of silver,
particularly in the colloidal form, is also well
reported [12].

Lomefloxacin (LMF) is an antibacterial agent
which belongs to the fluoroquinolone family, it is
used to treat various bacterial infections, such as uri-
nary tract, bronchitis etc. Now-a-days, antibacterial
agents have been used in large amount for last few
decades; these agents enter in to the environment
through domestic sewage due to partial metabolism
in the human body [13]. The chemical structure of
LMF is given in Fig. 1.

However, no significant efforts have been made to
investigate the detailed degradation kinetics, which is
essential for the application point of view. Hence, we
have carried out a detailed study on the photocatalytic
degradation of LMF by Ag-TiO2 nanoparticles in aque-
ous medium examining various reaction parameters
such as pH, substrate and catalyst concentration,
intensity of UV light. In the present work, TiO2

nanoparticles were doped with silver using liquid
impregnation (LI) technique. These nanoparticles were
characterized by the techniques such as X-ray diffrac-
tion (XRD), scanning electron microscope (SEM),
energy dispersive X-ray analysis (EDX) and transmis-
sion electron microscope (TEM).

2. Experimental

2.1. Materials and methods

A stock solution of LMF (Gift sample from
Dr Reddy’s laboratories) was prepared by dissolving
appropriate amount of sample in double distilled
water. The TiO2 sample was purchased from Sisco
Research Pvt. Ltd, Mumbai 93. India (TiO2-Anatase).
AgNO3 purchased from HIMEDIA. The analytical
grade chemicals were used to prepare acetate (pH
4–5), phosphate (pH 6.0–8.5) and borate (pH 9)
buffers.

2.1.1. Instruments used

(1) For kinetic measurements, a CARY 50 Bio
UV–vis spectrophotometer (Varian BV, The
Netherlands) with temperature controller and
HPLC system (Agilent 1100 series, USA) were
used.

(2) For degradation study, a photoreactor with
mercury lamp (PHILIPS, TUV 8 W T5,
Emax = 254 nm) was used. The typical light
intensity illuminated on the surface of reaction
mixture was 4 mW/cm2.

(3) For UV light intensity measurements, an opti-
cal power metre (Newport 2936-C) and for pH
measurements, Elico pH metre models LI 120
were used.

(4) For characterization of nanoparticles, a Siemens
X-ray diffractometer (Cu source) (XRD) AXS
D5005 was used to identify the particle size of
the doped TiO2. The surface morphologies
were examined using a scanning electron
microscope (SEM) JEOL JSM 6360.

(5) The topography and particle size of Ag-TiO2

was measured using JEOL JEM-2010 TEM.

2.2. Photo catalyst preparation

2.2.1. LI method

500 mg of TiO2 was added to 100 ml deionized
water in a 500 ml Pyrex beaker. For silver doping 1
and 2% (molar ratio) of AgNO3 was also added to the
suspension. The resulting slurry was thoroughly
mixed by vigorous stirring and allowed to settle at
room temperature overnight. The liquid so obtained
was dried in an oven at 100˚C for 12 h to get rid of
any remaining moisture. The solid material resulting
from this step was calcined at 500˚C for 3 h in a muf-
fle furnace. This resulted in fine particles of Ag-TiO2

nanoparticles [14,15].

Piperzine moiety

Oxo quinoline moiety
HN

N

CH3

O

OH

N

O

F

F

H2C

CH3

Fig. 1. Chemical structure of lomefloxacin.
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2.3. The photocatalysis process

To investigate the photocatalytic degradation, a
known concentration of LMF solution and buffer was
taken in a Pyrex beaker. A dose of 100 mg/l 2%
Ag-TiO2 nanoparticles was added. Then, it was trans-
ferred in to the photoreactor and then kept under 8 W
UV lamps (Philips) with a wavelength peak at 254 nm
and of 4 mW/cm2 intensity with continuous stirring.
After every 15 min interval, the solution was taken
out and centrifuged at 2,000 rpm for 5 min. The
degradation of centrifuged solution was measured at
287 nm (ε = 27,209 L M−1 cm−1) using visible spec-
trophotometer (a CARY 50 Bio UV–vis spectropho-
tometer (Varian BV, The Netherlands)) and the degree
of mineralization was studied.

3. Results and discussion

3.1. Comparison of different photocatalysts

The rate of photo catalytic degradation of LMF
with UV, UV/TiO2, UV/(1%) Ag-TiO2 and UV/(2%)
Ag-TiO2 was studied. It is observed that the degrada-
tion effect of LMF treatment with UV/Ag-TiO2 was
more efficient than other two treatments namely UV
and UV/TiO2.

Effect of silver doping on anatase TiO2 was studied
by changing the percentage of silver from 1 to 2%
(mole ratio) an increase in the content of silver leads
to decrease in the particle size and increase in the
photocatalytic activity as shown in Fig. 2. Smaller
particle size increases surface area and higher content
silver may also favour separating charge carriers effi-
ciently, inhibiting the recombination of electron–hole
pairs, and thus increasing the photocatalytic activity

[16]. The photodegradation rate was highest with 2%
Ag-TiO2; hence, further studies were carried out with
2% Ag-TiO2.

3.2. Characterization of TiO2 and Ag-TiO2

The crystal phase of prepared nanoparticles was
identified using X-ray diffractometer as shown in
Fig. 3. The data indicates that the major phase of all
the prepared nanoparticles is anatase. The average
crystalline size of prepared nanoparticles was deter-
mined from the broadening of the anatase main
intense peak (1 0 1), using Scherrer equation (1), which
is shown in Table 1. Crystallite size of pure TiO2 is of
17.00 nm, while the crystallite size of Ag-TiO2 1% is
14.17 nm, Ag-TiO2 2% 13.07. Our results are in accor-
dance with earlier report [7], where Ag-TiO2

nanoparticles dimensions were reported in between 15
and 37 nm.

D ¼ 0:94k
b1=2 cos h

(1)

where D is the average crystalline diameter, λ is the
wavelength in angstrom, β is the line width at half-
maximum and θ is the Bragg angle.
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Fig. 2. Rate constants for the photocatalytic degradation of
LMF by various treatments.
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Fig. 3. XRD patterns of (a) undoped TiO2, (b) 1% and (c)
2% Ag-TiO2.
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3.3. Surface morphology study

3.3.1. Scanning electron microscope

The SEM images have been used to characterize
the size, shape and morphologies of formed nanoparti-
cle clusters. It shows the non-uniform aggregates of
the Ag-TiO2 nanoparticles, which results in a high sur-
face area. (Fig. 4(a)–(c)) represents the SEM images of
the undoped and prepared Ag-TiO2 nanoparticles
[12].

3.3.2. Transmission electron microscope

TEM images show the heterogeneously dispersed
aggregates of Ag-TiO2 nanoparticles having cylindrical
shape crystalline structures which can be clearly
observed in (Fig. 5(a) and (b)). Dispersion of small
dark spots seen were presumed as Ag particles on
TiO2 nanoparticles with a particle size of approxi-
mately 10–15 nm in breadth and 40–45 nm in length.
It is revealed that the crystallite size of the synthesized
nanoparticles is close to that of TiO2 nanoparticles
obtained from XRD values.

3.3.3. Electron diffraction X-ray spectroscopy

EDX examination provides information on chemi-
cal composition of samples. Fig. 6(a) and (b) shows
that the prepared sample is mainly composed of Ti
and O with small amount of Ag that increases with
increase number of loading. Ag L peak was found,
but peak of Ag K cannot be detected because low elec-
tron accelerating voltage was applied [17].

3.4. Effect of photocatalyst loading

To study the effect of catalyst loading, different
amounts of catalyst were used from 50 to 250 mg/l
while keeping [LMF] and pH 4 constant. It has been
observed that initially the rate of photo degradation
increases up to 100 mg/l, beyond 100 mg/l the rate of
reaction almost constant (Fig. 7). This may be due to
the fact that as the amount of semiconductor was
increased in the initial state, the exposed surface area

of the semiconductor also increases, but after this
limiting value (100 mg/l) any increase in the amount
of semiconductor increases the turbidity of the solu-
tion and thus blocks UV irradiation for the reaction to
proceed, and therefore degradation starts decreasing
[18].

3.5. Effect of substrate concentration

The effect of variation of LMF concentration was
studied by taking different concentration of LMF from
8 × 10−5 to 28 × 10−5 mol dm3 by keeping other condi-
tion constant. It has been observed that with the initial

Table 1
Crystal size of undoped and Ag doped TiO2 nanoparticles
from Scherrer equation

Sl. no. Particles Particle size (nm)

1 Un doped TiO2 17.00
2 1% Ag-TiO2 14.17
3 2% Ag-TiO2 13.07

(a)

(b)

(c)

Fig. 4. SEM micrographs of (a) undoped TiO2, (b) 1%
Ag-TiO2 and (c) 2% Ag-TiO2.
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increase in the concentration of LMF, the rate of
photocatalytic degradation increases, reaching
maximum value [LMF] = 20 × 10−5 mol dm3; further
increase in concentration resulted in decrease in the
rate of photocatalytic degradation as shown in Fig. 8.
It may be due to the fact that, as the concentration of
the drug increased, more number of drug molecules
are excited and consequently available for degrada-
tion, and hence the rate of degradation increases. But
at concentration above 20 × 10−5 mol dm3, the drug
itself acts as a filter for the incident light. This reduces
the formation of OH– ions, due to which, the rate of
photocatalytic degradation decreases [19].

3.6. Effect of pH

The pH normally influences the adsorption capac-
ity of the adsorbent in aqueous medium by altering

the surface properties of adsorbent. The effect of pH
on the rate of photo degradation of LMF was studied
by varying the pH from 4 to 8, while keeping other
conditions constant. The rate of photocatalytic
degradation of LMF was slightly higher in the pH

(a)

(b)

Fig. 5. TEM micrographs of 0.2% Ag/TiO2.
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range 4–5 and slightly lower in the pH range 7–8 as
shown in Fig. 9. This behaviour may be explained on
the basis that an increase in the rate of photocatalytic
degradation may be due to the increased availability
of OH– ions at acidic pH value. OH– ions will gener-
ate more hydroxyl radicals (�OH) by combining with
holes, which are considered responsible for the photo-
catalytic degradation. The adsorption on Ag-TiO2 pri-
marily depends on its surface properties and surface

reactivity largely related to surface hydroxyl groups. It
is evident from Table 2 that the adsorption capacity
decreases with increase in the pH from 4 to 8. The
LMF contains >NH and carboxyl functional groups in
its molecular structure. This enables LMF to react with
the H+ and OH− in solution to form three different
LMF species viz., LMFH+ (cation), LMF˚ (neutral) and
LMF− (anion). The pKa values of LMF were computed
by using Chem axon calculator and they were found
to be pKa1 (5.64) and pKa2 (8.7) [20]. The proportion of
LMF in different forms can be calculated from the pKa

values of LMF. The speciation pattern of LMF at dif-
ferent pH is shown in Fig. 10. LMF forms about 98%
LMFH+ at pH 4 by combining with H+ ions from the
solution, which favours the LMF adsorption on the
negatively charged surface of Ag-TiO2 photocatalyst.
The propotion of LMFH+ decreases to 81% at pH 5,
reduces to 30% at pH 6 and further reduces to 4%
(negligible) at pH 7. LMF neutral species dominates in
the pH range 6–8. With the proportional decrease in
the concentration of LMFH+ and proportional increase
in the concentration of LMF neutral, the adsorption
capacity of LMF on Ag-TiO2 decreases. The adsorption
of LMFH+ is due to the combination of cation with
negatively charged surface of Ag-TiO2, whereas the
adsorption of LMF neutral is due to weak Van der
Waals forces of attraction. This observation is in line
with the earlier report [21].

3.7. Effect of UV lamp distance

To examine the effects of UV light intensity on the
degradation of lomeofloxin was studied by varying
the distance of UV lamp from the target. The results
are reported in Fig. 11. It is seen that an increase in
light intensity increase the rate of photocatalytic
degradation, and it is due to the fact that as the inten-
sity increases the more number of Ag-TiO2 nanoparti-
cles excite to generate more electron hole pairs. The
holes decompose the lomeofloxin molecules adsorbed
on the surface of Ag-TiO2 particles and oxidize it to
water resulting in their efficient degradation [22].

3.8. Mechanism of photocatalytic degradation

On the basis of the experimental data the following
tentative mechanism may be given for photocatalytic
degradation of LMF.
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Fig. 8. Effect of variation of [LMF] on photocatalytic rate
constants of photocatalytic process with 2% Ag-TiO2 at
25˚C, [Ag-TiO2] = 100 mg/l, at pH 4.
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3LMF1 þAg-TiO2 �! LMFþ þAg-TiO2ðe�Þ

Ag-TiO2 e�ð Þ þO2 �! Ag-TiO2 þO��
2

LMFþ þOH� �! LMFþOH�

LMFþOH� �! Product

When the LMF solution is exposed to UV light, in
the presence of Ag-TiO2, initially LMF molecules are
excited to first singlet state (1LMF1). Then these
excited molecules are moved to the triplet state
through inter system crossing (ISC). The triplet drug
(3LMF1) may provide its electron to the photocatalyst
and become positively charged. The dissolved oxygen
of the solution will pull an electron from the conduc-
tion band of the photocatalyst, thus generating the
photocatalyst. The positively charged molecules of the
drug (LMF) will immediately reacts with –OH ions to
form OH� radicals, which will convert the drug mole-
cules in to products.

In undoped TiO2, molecular oxygen is the only one
electron trapping entity, whereas in Ag-TiO2, two other
electron trapping entities are set up, viz., Ag+ ions and
Ag0. Since the Fermi level of TiO2 is higher, hence elec-
trons will move from TiO2 nanoparticles to the metallic
silver nanoparticles resulting in a space charge between
Ag and TiO2. The electric field finally force the electrons
to the interfacial space of the TiO2 nanoparticles. Here,
silver particles act as electron traps [23]. This leads to an
increase in the charge separation efficiency and slows
down electron–hole recombination. Silver metal on the
catalyst surface improves the quantum yields by
increasing the removal and the transfer of electrons
from catalyst to molecular oxygen [24]. Therefore,
molecular oxygen can trap photogenerated electrons to
form superoxide radicals and consequently enhance the
oxidation of LMF.

4. Conclusion

1 and 2% silver doped TiO2 nanoparticles were
synthesized successfully by LI method. The XRD pat-
terns of synthesized Ag-TiO2 nanoparticles indicate
anatase crystal structure. The EDX analysis and TEM
topograph show the doping of silver in TiO2. In acidic
environment at pH 4, the prepared Ag-TiO2

nanoparticles (17.00–13.07 nm) exhibit good potential
for the photocatalytic degradation of LMF. It is evi-
dent from the results that over 95% degradation of
LMF could be achieved in 1 h using 2% Ag-TiO2

photocatalyst.

Table 2
Adsorption capacity at different pH (Langmuir isotherm)

Sl. no. pH
Adsorption capacity
(Langmuir isotherm) (mol/g)

1 4 0.00110
2 5 0.00091
3 6 0.00085
4 7 0.00072
5 8 0.00062
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Fig. 10. Speciation of LMF at different pH.
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Abstract Photo-catalytic degradation of bromothymol

blue (BTB) in an aqueous medium by Ru–TiO2 using UVC

(254 nm) irradiation was investigated for a pH range of

4.0–8.0. The liquid impregnation method was used to

synthesize 0.2, 0.4 and 0.8 % ruthenium doped TiO2 (Ru–

TiO2) nanoparticles. The characterizations of resulting

nanoparticles were done using X-ray diffraction, scanning

electron microscopy, fourier transform infrared spec-

troscopy, transmission electron microscopy (TEM) and

energy dispersive X-ray spectroscopy analysis. The crys-

tallite sizes of doped and undoped nanoparticles were

determined from X-ray diffraction spectra using Scherrer

equation. The average crystallite size of undoped TiO2 was

found to be 17.00 nm, whereas the crystallite sizes of 0.2,

0.4 and 0.8 % Ru–TiO2 were 16.67, 15.70 and 14.40 nm

respectively. The TEM images confirm the particle sizes to

be 10–40 nm. Pseudo-first order rate constants (kobs)

determined were found to decrease with increase in pH.

The effect of BTB Concentration, catalyst dosage, a per-

centage of doping of photo catalyst, pH and UV light

intensity of BTB on the degradation rate were also

examined.

1 Introduction

A wide variety of organic contaminants has been detected

in the aquatic environment which are discharged through

municipal waste-water, industrial effluents, commercial

operations, runoff from agricultural lands, chemical spills

etc [1]. Till now, the conventional and biological methods

have not been able to get rid of these persistent organic

contaminants from the environment [2].

Dye effluent generated from textile and dye industries

has to be treated due to its impact on flora and fauna and

growing public concern over the toxicity and carcino-

genicity [3–5]. This fact compels elimination of dyes in the

effluent treatment plants [6].

Advanced oxidation processes (AOPs) have been used

extensively for the degradation of harmful organic con-

taminants [7], which are resistant to biological and con-

ventional treatment methods. AOPs depend on the

generation of highly reactive radical species such as OH�

by chemical or photochemical methods, which decomposes

a number of organic contaminants without being selective

[8–10]. The technique primarily focuses on the usage of

semiconductor particles activated by UV or visible light for

degradation of environmental contaminants yielding to

partial or complete mineralization of the organic contam-

inants [11, 12].

Metal oxide semiconductor Titanium dioxide (TiO2)

nanoparticles have attracted much interest due to their low

cost, greater efficiency and stability [13, 14]. It allows UV

light to excite the valence electrons as it has a band gap of

3.2 eV [15], the valance electrons jump into the conduction
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band generating positive holes in the valance band [16].

The efficacy of the photo catalyst depends on the rate of

electron–hole recombination in TiO2 [17, 18]. This rate of

recombination can be minimized by doping the TiO2 with

metals such as silver, ruthenium, copper, iron, chromium,

nickel etc [19–21].

These doped cations reduce the band gap and shift the

threshold for photonic excitation of the TiO2 towards the

visible range [22]. Ruthenium might act as a suitable ele-

ment for doping of TiO2, because of its closeness in atomic

radius with TiO2 (Ru—0.056 nm, Ti—0.060 nm) [23].

The model compound used for study bromothymol blue

(BTB) is a textile dye derivative. The photo-catalytic

degradation of bromothymol blue by TiO2 has been

investigated earlier [24]. From the application point of

view, kinetics of degradation of textile dye derivatives by

doped nanostructure is essential. Therefore, in the present

work, we have undertaken a detailed study on the photo-

catalytic degradation of bromothymol blue by prepared

Ru–TiO2 nanoparticles in an aqueous medium by varying

reaction parameters namely pH of the reaction, substrate

concentration, catalyst concentration, percentage of doping

of photo-catalyst and intensity of UV-light.

S
O

Br

O

O

Br
OH

OH

Chemical structure of Bromothymol blue (BTB) C27H23Br2O5S 

2 Materials and methods

2.1 Reagents and chemicals

A stock solution of bromothymol blue (Sigma-Aldrich)

was prepared by dissolving appropriate amount of sample

in double distilled water. The TiO2 (anatase) (SRL) and

RuCl3�3H2O (SRL) samples were directly used to prepare

Ru doped TiO2 without any further purification. The

chemicals and reagents used to carry out the degradation

study were of analytical grade.

2.1.1 Instruments used

1. For kinetic measurements, a CARY 50 Bio UV–Vis

Spectrophotometer (Varian BV, The Netherlands) with

a temperature controller and HPLC system (Agilent

1100 series, USA) were used.

2. For degradation study, a mercury lamp (PHILIPS,

TUV 8W T5, Emax = 254 nm) mounted inside the UV

cabinet was used. The typical light intensity illumi-

nated on the surface of the reaction mixture was

4 mW cm-2.

3. For intensity measurement an optical power meter

(Newport 2936—C) and for pH measurements, Elico

pH meter models LI 120 were used.

4. For characterization of nanoparticles, a Siemens X-ray

Diffractometer (Cu source) (XRD) AXS D5005 was

used to identify the particle size of the doped TiO2.

The surface morphology was studied using a Scanning

electron microscope (SEM) JEOL JSM 6360.

5. FTIR Perkin Elmer model-spectrum 100 was used for

the characterization.

6. The topography and particle size of Ru-doped TiO2

were measured using JEOL JEM-2010 transmission

electron microscopy (TEM). Before the analysis, the

catalyst sample ultrasonically dispersed in a solvent

and dropped on a copper grid. The sample was allowed

to dry before TEM analysis.

2.2 Photo-catalyst preparation

Ruthenium (Ru) doped anatase TiO2 nanoparticles were

prepared by liquid impregnation method. For ruthenium

doping, 0.2, 0.4 and 0.8 % (mole ratio) of RuCl3�3H2O was

dissolved in 100 ml of 0.2 M HCl solution. Further, 1.0 g

of Anatase nanoparticles TiO2 was added to the solution.

The resultant slurry was thoroughly stirred for 3 h and

allowed to settle at room temperature for 24 h. Afterward,

the slurry was dried out in an oven at 80 �C for further

24 h. The dried solids were ground in a mortar and cal-

cined at 400 �C for 3 h in a muffle furnace because the

Anatase to Rutile phase transformation takes place above

400 �C [25, 26].

2.3 The photo-catalysis process

To investigate the photo-catalytic degradation, a known

concentration of BTB solution and the buffer was taken in

a Pyrex beaker, and then a dosage of 100 mg l-1 Ru–TiO2

nanoparticles was added. Before illumination, the suspen-

sions were stirred at a dark place for 1 h to reach adsorp-

tion and desorption equilibrium between the BTB and

photo-catalyst. Then, the beaker was placed in a photo-

catalytic chamber under 8W UV-lamp (Phillips) with a

wavelength peak at 254 nm with continuous stirring for

adsorption–desorption equilibrium and then exposed to UV

light. At the interval of every 15 min, the solution was
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taken out and centrifuged at 5000 rpm for 10 min. The

decrease in the concentration of bromothymol blue was

monitored at 429 nm (e = 10,860 l M-1 cm-1) using UV–

Vis spectrophotometer (Varian CARY 50 Bio UV–Vis

Spectrophotometer).

3 Results and discussion

3.1 Comparison of different photo-catalysts

The rate of photo-catalytic degradation of BTB with UV,

UV/TiO2, UV/0.2 % Ru–TiO2, UV/0.4 % Ru–TiO2 and

UV/0.8 % Ru–TiO2 was studied. It was observed that the

degradation effect of BTB treatment with UV/Ru–TiO2

was more efficient than other two treatments namely UV

and UV/TiO2 (Fig. 1).

Effect of ruthenium doping on anatase TiO2 was studied

by varying the percentage of ruthenium from 0.2 to 0.8 %

(mole ratio) an increase in the content of ruthenium leads

to decrease in the particle size and increase in the photo-

catalytic activity [27] as shown in Fig. 1. Smaller particle

size increases surface area and higher content ruthenium

may also favour separating charge carriers efficiently,

inhibiting the recombination of electron–hole pairs, and

thus increase the photo-catalytic activity [28]. The photo-

catalytic degradation rate was highest with 0.8 % Ru–

TiO2; hence, further studies were carried out with 0.8 %

Ru–TiO2. Increasing the percentage of ruthenium above

0.8 % resulted in the deposition of ruthenium on the sur-

face of the TiO2 but not in the crystal lattice.

The % degradation efficiency of BTB was studied under

same conditions with UV, UV/TiO2, UV/0.2 % Ru–TiO2,

UV/0.4 % Ru–TiO2, UV/0.8 % Ru–TiO2 and percentage

adsorption in dark was also determined. The percentage

degradation efficiency of BTB was found to be 48, 60, 75,

82 and 95 % with UV, UV/TiO2, UV/0.2 % Ru–TiO2, UV/

0.4 % Ru–TiO2 and UV/0.8 % Ru–TiO2 respectively

within 100 min as shown in Fig. 2. The % degradation

efficiency of UV/0.8 % Ru–TiO2 is about 35 % higher than

UV/TiO2 report by Haque et al. under our experimental

conditions with [Photocatalyst] = 100 mg l-1,

[BTB] = 5 9 10-5 mol dm-3 at pH 4 and light intensity

4 mW cm-2.

3.2 Characterization of TiO2 and Ruthenium doped

TiO2

3.2.1 X-ray diffraction studies (XRD)

X-ray diffraction pattern of pure TiO2 and Ru–TiO2 were

obtained from an X-ray diffractometer using Cu Ka radi-

ation over a scan range of 2h (10�–90�). XRD patterns of

pure and 0.2, 0.4 and 0.8 % Ru–TiO2 were shown in Fig. 3.

Several well defined diffraction reflections were appeared

in the pattern 25.2, 38.0, 48.2, 53.9, 55.0, 62.5, 70.2, 70.8,

and 78.5, 82.9, which corresponds to the XRD pattern of all

the ten peaks of anatase TiO2 with lattice planes of (101),

(004), (200), (105), (211), (204), (116), (220), and (215),

(224), respectively. The absence of metal peaks is due to

the ultrafine dispersion of TiO2 nanoparticles and or due to

very low metal concentration. The average particle sizes of

prepared nanoparticles were determined from a full width

half maximum of A (101) peak of anatase TiO2 by

applying Scherrer Eq. (1) [29]

D ¼ kk
bcosh

ð1Þ

where k is a constantly called shape factor is equal to 0.94,

k is the X-ray wavelength is equal 0.154 nm, b, is the full

width at half maximum and h is the half diffraction angle.
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The average particle size of TiO2, 0.2 % Ru–TiO2, 0.4 %

Ru–TiO2, 0.8 % Ru–TiO2 were found to be 17.00, 16.67,

15. 70 and 14.40 nm respectively.

3.2.2 Scanning electron microscope

The SEM images of undoped and Ru-doped TiO2

nanoparticles obtained at the high magnification 150009

using JEOL JSM-6360 are presented in Fig. 4a, b. Thin

films of the sample were prepared on a carbon coated

copper grid by just dropping a very small amount of the

sample on the grid, extra solution was removed using a

blotting paper and then the film on the SEM grid were

allowed to dry by putting it under a mercury lamp for

5 min which reveal that synthesized nanoparticles possess

a porous and spongy network of unequal shapes resulting in

the high surface area. SEM images show that ruthenium is

not equally deposited on the surface of TiO2 nanoparticles;

this is in agreement with the earlier literature [12].

3.2.3 Energy dispersive X-ray spectroscopy

The EDX pattern of Ru–TiO2 (Fig. 5) was obtained using

the JEOL JED-2300 equipment. The EDX shows the

presence of three different X-ray patterns linked with O

Ka, Ru Ka, and Ti Ka [30]. The peaks from the spectrum

reveal the presence of Ti, O and Ru at 4.508, 0.525 and

2.558 keV respectively. The atomic % of Ti, O and Ru is

36.40, 62.79 and 0.81 respectively. This composition of Ti,

O and trace amount of Ru revealed that the formation of

non-stoichiometric TiO2 with oxygen vacancy, which leads

to better photo-catalytic activity [31].

3.2.4 Transmission electron microscope

A typical TEM image of Ru–TiO2 powders synthesized by

Liquid Impregration method is presented in Fig. 6a, b,

which reveals that the synthesized Ru–TiO2 nanoparticles

is well crystallized uniformly dispersed aggregates having

the spherical rod in shape without defects. The average

particle size of the nanoparticles was found to be

15-20 nm. These results are in good agreement with that of

calculated particle size by Scherrer equation. The selected

area electron diffraction pattern (SAED) is shown in inset

of Fig. 6b. The D values of diffractions were obtained from

the rings which can be assigned [101], [004], [200], and

[211] (Table 1) and these values are in agreement with the

D values obtained from XRD. In SAED, the small spots

making up rings, each spot arising from Bragg reflection

from an individual crystallite indicates our sample is poly-

Fig. 3 X-ray diffraction patterns of a undoped TiO2, b 0.2 % Ru–

TiO2, c 0.4 % Ru–TiO2, d 0.8 % Ru–TiO2

Fig. 4 SEM micrographs of a undoped TiO2, b 0.8 % Ru–TiO2 nano

particles
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nano-crystalline in nature. In poly-nano-crystalline sam-

ples, if more than one crystal contributes to the selected

area diffraction pattern, it can be difficult or impossible to

analyze. SAED is similar to XRD but unique in that areas

as small as several hundred nanometers in size can be

examined, whereas XRD typically samples areas several

centimetres in size due to that we could observe small

difference in the D values of SAED and XRD [32, 33].

3.2.5 Fourier transform infrared (FTIR) spectra analysis

The FT-IR spectra of pure TiO2 and Ru–TiO2 nanoparticles

were shown in Fig. 7. The FT-IR spectra of TiO2 and Ru–

TiO2 show a broad band between 3500–3000 cm-1, which

is a characteristic band of associated hydroxyl groups. The

other peaks at 1635 cm-1 correspond to the stretching

vibration of a hydroxyl group and representing the water as

moisture [34]. The peak observed between 750 and

500 cm-1 indicates the Ti–O stretching bands. Calcination

of TiO2 and Ru–TiO2 sample at 600 �C leaves a strong

band between 800 and 450 cm-1, which can be attributed

to the formed of TiO2 nanoparticles [35].

3.2.6 Band gap measurement

The bandgap measurements of nanoparticles were made

from the diffuse reflectance spectra collected using a Per-

kin Elmer Lambda 950 UV/Vis/NIR spectrophotometer

with a 150 mm integrating sphere attachment. Diffuse

reflectance measurements were made between 800 and

200 nm using BaSO4 as a reflectance standard. The optical

bandgaps (Eg) of the nanoparticles were determined from

the Tauc plot of the Kulbelka–Munk function obtained

from the diffuse reflectance spectra. The Kulbelka–Munk

function is given by the equation F(R) = (1 - R)2/2R,

where R is the diffuse reflectance of the sample. Extrapo-

lation of the linear portion of the modified Kubelka–Munk

function, [F(R)ht]1/2 vs the photon energy (ht) curve on

the zero ordinate gives the Eg (Fig. 8). The band gap of

Fig. 5 EDX analysis of 0.8 %

Ru/TiO2

Fig. 6 TEM micrographs of 0.8 % Ru/TiO2 at a 100 nm resolution

and b 20 nm resolution (inset SAED pattern)
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0.2, 0.4 and 0.8 % Ru–TiO2 was found to be 3.10, 3.04 and

2.96 eV respectively. However, in the literature it is

reported that the pure anatase TiO2 nanoparticles shows the

band gap 3.2 eV. This red shift is due to the localized

energy level introduced by the Ru in the forbidden energy

range of TiO2 [36]. From the decrease in the value of band

gap it is confirmed that ruthenium is successfully doped in

TiO2 lattice [31].

3.2.7 Surface area measurement

Photo-catalytic activity of Ru-doped TiO2 also depends on

the surface area of the particles. Hence, it would be inter-

esting to determine the surface area of Ru-doped TiO2

nanoparticles. The specific surface area of the nanoparticles

was measured by the BET nitrogen gas adsorption method

using Smart Instruments Surface Area Analyser (Smart-

Sorb 92/93).

Our studies indicate that synthesized nanoparticles

showed a surface area of 85.23, 88.79, 92.91 and 94.28 m2/

g for pure TiO2, 0.2 % Ru–TiO2, 0.4 % Ru–TiO2 and

0.8 % Ru–TiO2 nanoparticles respectively. The decrease in

particle size can be explained on the basis of Nae-Lih Wu’s

theory [37]. According to Nae-Lih Wu’s theory, the motion

of the crystallites is restricted due to the interaction on the

boundaries between TiO2 and Ru [38–40], which results in

the reduction of particle size of TiO2. Hence, the specific

surface area increases with decrease in particle size. The

very high surface area of 0.8 % Ru–TiO2 nanoparticles is

responsible for the enhanced photo-catalytic degradation of

BTB.

3.3 Variation of BTB concentration

The effect of initial of dye concentration on the rate of

photo-catalytic degradation of bromothymol blue at pH 4

was studied at different concentrations varying from

2.0–20.0 9 10-5 mol dm-3. Initially, the rate constant,

kobs, was found to increase with the increase in substrate

concentration from 2.0–12.0 9 10-5 mol dm-3. A further

increase in BTB concentration above 12.0 9 10-5

mol dm-1 resulted in a decrease in the rate constant

(Fig. 9). This trend can be attributed to the fact that as

initial concentrations of the dye increase, the colour of the

irradiating mixture progressively becomes intense which

prevents the penetration of light photons to reach the sur-

face of the catalyst. Hence, the generation of a relative

amount of OH� and O2
�- on the surface of a catalyst does not
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Fig. 7 FT-IR spectra of a pure TiO2, b 0.2 % Ru–TiO2, c 0.4 % Ru–

TiO2, d 0.8 % Ru–TiO2 nanoparticles
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Table 1 Selected area electron diffraction data

2R [1/nm] R [1/nm] SAED D [nm] XRD D [nm] Difference SAED and XRD D [A0] h k l 2-theta

5.92 2.96 0.3378 0.3496 0.0118 3.38 101 25.45

8.87 4.43 0.2254 0.2352 0.0098 2.25 004 38.22

10.6 5.30 0.1886 0.1882 0.0004 1.89 200 48.28

12.6 6.30 0.1587 0.1667 0.0080 1.59 201 55.00
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increase, as the intensity of the light and the irradiation

time are constant. Consequently, the rate of photo-catalytic

degradation decreases with increase in a concentration of

BTB [24].

3.4 Effect of catalyst dosage

The effect variation in the photo-catalyst dosage on the

degradation kinetics of bromothymol blue was studied

using a different concentration of 0.8 % Ru–TiO2 varying

from 0–250 mg dm-3 and keeping other conditions con-

stant. The rate constant, kobs, was found to increase with an

increase in the dosage of a catalyst as shown in Fig. 10.

This can be attributed to the fact that, as the dosage of Ru–

TiO2 increases, the exposed surface area of the photo-cat-

alyst also increases. The results are in agreement with the

earlier reports [24, 41, 42].

3.5 Adsorption experiment

The adsorption experiment was carried by varying the BTB

concentration from 2.0–20 9 10-5 mol dm-3. The appro-

priate amount of BTB solution was taken in 100 ml beaker

and 10 mg of Ru–TiO2 nano particles was added. The pH

value of the each set was adjusted to 4, 5, 6, 7 and 8

respectively. The solution was sealed and stirred at 25 �C
for overnight in the absence of UV light. The solution was

centrifuged and the BTB concentration of the supernatant

was measured by UV spectrophotometer. The adsorption

amount (Capacity) was calculated using the following

equation (Table 2).

S ¼ C0 � Cð ÞV
m

where S basically represents efficiency of adsorption

(mol g-1), C0 is the initial concentration of BTB, C is the

BTB is the equilibrium concentration (mol dm-3), V is the

volume (dm3) of the solution, and m is the mass of added

Ru–TiO2 (g).

The adsorption of the BTB on the surface of Ru–TiO2

photo-catalyst was studied by continuous stirring the

aqueous solution of BTB in the dark for 24 h in a flask

containing varying amounts of Ru–TiO2. The analysis of

BTB concentration after centrifugation shows no observ-

able loss of the dye. Hence, adsorption has no significant

effect on the degradation rate.

3.6 Effect of pH

pH is an important parameter in photo-catalytic reactions,

it gives information pertaining to the surface properties of

the photo-catalyst and adsorption behaviour of pollutants.

Effect of pH on the degradation of BTB in water medium

of Ru–TiO2 was studied between pH 4.0–8.0 under UV-

light. Whilst maintaining other reaction conditions con-

stant. The photo-catalytic degradation of BTB was higher
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Fig. 10 Effect of variation of Ru–TiO2 dosage on the degradation of

BTB at [BTB] = 5.0 9 10-5 mol dm-3

Table 2 Adsorption capacities at different pH, [BTB] = 5 9 10-5,

(0.8 %) Ru–TiO2 = 100 mg l-1

Sl. No pH Adsorption capacity (mol g-1)

1 4 0.00091

2 5 0.00083

3 6 0.00074

4 7 0.00067

5 8 0.00060
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in the pH range 4.0–6.0 and slightly lower in the pH range

7.0–8.0 as shown in Fig. 11. This performance possibly

elucidated on the bases that increase in the rate of photo-

catalytic degradation was due to the surface activity of

photo-catalyst. The adsorption at pH 4.0–6.0 is favoured by

attractive electrostatic forces existing between BTB anion

and as Ru–TiOH2
?, where Ru–TiOH2

? is a major active

species in this pH range. Where as in basic medium, i.e. pH

7.0–8.0 Ru–TiO- is a major active species, Hence elec-

trostatic repulsion between two negatively charged species,

Ru–TiO- and BTB anion disfavours photo-catalytic

degradation [43, 44]. The adsorption capacity decreases

with increase in the pH from 4.0 to 8.0. The BTB react with

the H? and OH- in solution to form two different BTB

species viz., BTB� (neutral) and BTB̄ (anion). The pro-

portion of BTB in different forms can be calculated from

the pKa (7.1) [45] as shown in Fig. 12. BTB neutral species

dominates in the pH range 4.0–7.0 and are adsorbed at a

higher degree than highly ionised species. Whereas BTB-

dominates in the pH range above 7.0 and are less adsorbed

due to electrostatic repulsion forces. Whereas above pH 7

the adsorption of BTB neutral is due to weak van der Waals

forces of attraction. This observation is in line with the

earlier report [46].

3.7 Effect of UV lamp distance

The variation of UV light intensity on the rate constant of

photo-catalytic degradation of BTB was studied by altering

the distance of UV lamp from the reaction mixture as

shown in Fig. 13. It is observed that the rate constant

increased with increase in the light intensity. This can be

attributed due to the fact that as the intensity of light

increases, the number of photons reaching the surface of

photo-catalyst (Ru–TiO2) also increases, consequently,

increasing the number of electron–hole pairs. The holes

decompose the BTB molecules adsorbed on the surface of

Ru–TiO2 particles and oxidize it to water resulting in their

efficient degradation [10].

3.8 The mechanism of photo-catalytic degradation

of BTB with Ru–TiO2

When UV light was allowed fall on the photo-catalyst,

electrons in the valence band were to the conduction band.

Consequently, an electron–hole-pair is generated [47].
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Ru � TiO2 þ hm ! e�cb þ hþ
vb

Here ecb
- represents electrons in the conduction band and

hvb
? represents the holes in the valence band. The positive

hole of the valence band reacts with a water molecule to

produce hydroxide free radicals, where the superoxide

anion radical is formed as a result of oxygen reduction by

transfer of trapped electrons from Ru metal to oxygen as

shown in Fig. 14 [48].

H2O þ hþ
vb !� OH þ Hþ

O2 þ e�cb ! O�
2

The above reaction eliminates the possibility of elec-

tron–hole recombination. The �OH and O2
- produced in the

above manner can then react with the BTB to yield

degradation products.

O��
2 þ Hþ ! HO�

2

H2O2 ! 2 �OH

�OH þ BTB ! Degraded products

BTB þ e�cb ! Degraded products

It may be noted that all these reactions in photo-catalysis

are possible due to the presence of both dissolved oxygen

and water molecules. Without the presence of water

molecules, the high hydroxyl radicals (�OH) could not be

formed and inhibit the photo-catalytic degradation of liquid

phase organic molecules.

4 Conclusions

The experimental results lead to following conclusions:

• Liquid impregnation method was used to synthesize

Ru–TiO2 nanoparticles.

• The particle size of TiO2 decreases with increasing

percentage of ruthenium doping.

• 0.8 % Ru–TiO2 nanoparticles exhibited a better poten-

tial compared to UV and UV/TiO2 techniques for the

effective photo-catalytic degradation of bromothymol

blue in acidic medium (pH 4–6).

• Photo-catalytic degradation of Bromothymol blue

could be achieved in 100 min with 100 mg l-1 dosage

of 0.8 % Ru–TiO2.
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